Edited by 
Tapan Chatterji 

m m 4<p m 4* £ + m 
( «*) * a !#►' 1 » ^ ■ l#)t |a 

« + ■ + ■+ ■ + ■+> 
^ i !■, (^ a # a 

• 4*4 *1 l*l •; 44) * 4^ 

♦M* *♦► » h \m a 4 «|^|) a 

a t| ■ a 4M * ♦► ■ i+ 

i ♦) « •#) an t 1 i*i ()•) 1 I 

■ 4 +)> 4 +)* 4 *^” ♦ ■ 4 + 

| ♦► »!(4) ■ j< #) I* 4) a ■#- a 



Kluwer Academic Publishers 




COLOSSAL MAGNETORESISTIVE MANGANITES 




Colossal Magnetoresistive 
Manganites 



Edited by 



Tapan Chatterji 

Institut Laue-Langevin, 
Grenoble, France 




KLUWER ACADEMIC PUBLISHERS 
DORDRECHT / BOSTON / LONDON 




A C .I.R Catalogue record for this book is available from the Library of Congress. 



ISBN 978-90-481-6527-8 ISBN 978-94-015-1244-2 (eBook) 

DO I 10.1007/978-94-015-1244-2 



Published by Kluwer Academic Publishers, 

P.O. Box 17, 3300 AA Dordrecht, The Netherlands. 

Sold and distributed in North, Central and South America 
by Kluwer Academic Publishers, 

101 Philip Drive, Norwell, MA 02061, U.S.A. 

In all other countries, sold and distributed 
by Kluwer Academic Publishers, 

P.O. Box 322, 3300 AH Dordrecht, The Netherlands. 



Printed on acid-free paper 



All Rights Reserved 
© 2004 Kluwer Academic Publishers 

Softcover reprint of the hardcover 1 st edition 2004 

No part of this work may be reproduced, stored in a retrieval system, or transmitted 

in any form or by any means, electronic, mechanical, photocopying, microfilming, recording 

or otherwise, without written permission from the Publisher, with the exception 

of any material supplied specifically for the purpose of being entered 

and executed on a computer system, for exclusive use by the purchaser of the work. 




Contents 



Preface 



ix 



Contributing Authors xiii 

1 

Crystal and Magnetic Structure from Hole to Electron Doped Manganites 1 

Dimitri N. Argyriou and Christopher D. Ling 

1 Introduction 2 

2 Crystal Structures 3 

3 Charge and Orbital Ordering in Manganites 5 

4 General Trends From Hole- to Electron-Doped Manganites 1 1 

5 Orbital Frustration for Mn 3+ -rich Manganites (0 < x < 1/2) 14 

6 Stability of the CE-type Charge and Orbital Ordering 22 

7 Structure and Magnetism in Electron Doped Manganites 28 

2 

Approach to the metal-insulator transition in manganites 43 

F. Moussa and M. Hennion 

1 Introduction 43 

2 Structural and Magnetic Phase Diagram of Lai_ x Ca x Mn 03 , 0 < 

x < 0.22 46 

3 Diffuse Scattering 53 

4 Spin Dynamics 62 

5 General discussion 88 



3 

The Electronic Structure, Fermi Surface and Pseudogap in Manganites 93 

Y.-D. Chuang and D.S. Dessau 

1 Introduction 93 

2 Background and Review 95 

3 Experimental Technique- Angle-Resolved Photoemission Spectro- 
scopy (ARPES) 100 

4 Overview of Electronic Structures 103 

5 Near Fermi Energy Electronic Structure Probed by High Resolution 

Angle Resolved Photoemission Spectroscopy (ARPES) 107 

6 Summary, Conclusion and Outlook 1 24 



v 




VI 



COLOSSAL MAGNETORESISTIVE MANGANITES 



4 

Multi-scale Phase Modulations in Colossal Magnetoresistance Manganites 1 3 1 

K. H. Kim , M. Uehara , V. Kiryukhin and S-W. Cheong 

1 Introduction 1 32 

2 Phase diagram of Lai_ x Ca x MnC >3 revisited 1 35 

3 Phase separation in manganites 147 

4 High temperature charge-ordering fluctuation and nano-scale phase 

coexistence 175 

5 X-ray scattering studies of high-temperature charge/orbital correla- 
tions 188 

6 Conclusions 198 

7 Acknowledgements 200 



5 

Theory of Manganites 
Takashi Hotta and Elbio Dagotto 

1 Early Theoretical Studies of Manganites 

2 Model for Manganites 

3 Spin-Charge-Orbital Ordering 

4 Phase-separation scenario 

5 Concluding Remarks 

6 

Orbital effects in manganites 

Jeroen van den Brink , Giniyat Khaliullin , Daniel Kh 

1 Introduction 

2 Orbital order for x < 1/2 

3 Quantum effects; optimal doping 

4 Orbital order for a; > 1/2 

5 Conclusions 

6 Acknowledgments 



7 

Magnetic excitations of the double 303 

exchange model 
Nobuo Furukawa 

1 Introduction 303 

2 Magnetic Excitations for a Simple Double Exchange Model 304 

3 More Realistic Models 312 

4 Concluding Remarks 316 




Spin dynamics of bilayer manganites 32 1 

Tapan Chatterji , George Jackeli and Nic Shannon 

1 Introduction 321 

2 Ruddlesden-Popper phases 322 

3 Crystal and magnetic structure of bilayer manganites 324 

4 Ferromagnetic phase transition in Lai^Sri.gM^Or 326 

5 Spin waves in bilayer manganites 328 

6 A theory of ferromagnetic spin waves in infinite-layer and bilayer 

manganites 343 

7 Doping dependence of the exchange energies in bilayer manganites. 366 




Contents 



vii 



8 Diffuse magnetic scattering from Lai. 2 Sri. 8 Mn 207 373 

9 Concluding remarks 379 



9 

Charge and Orbital Ordering of Manganites Observed by Resonant X-ray 383 

Scattering 

Y. Murakami , S. Ishihara and S. Maekawa 

1 Introduction 384 

2 Principle of Resonant X-ray Scattering to Observe Charge and Orbital 

Ordering 387 

3 Theory of RXS 400 

4 Recent development of Resonant X-ray Scattering 407 

5 Resonant Inelastic X-ray Scattering to Observe Orbital Excitations 408 

6 Summary 410 

7 Acknowledgements 411 



10 



Theory of Manganites Exhibiting Colossal Magnetoresistance 4 1 7 

T. V. Ramakrishnan, H. R. Krishnamurthy and S. R. Hassan and G. Venketeswara Pai 

1 Introduction 418 

2 Coexisting polaronic and band states 421 

3 A new model Hamiltonian for manganites in the strong electron lattice 

JT coupling regime 422 

4 DMFT wth polaronic and band states 426 

5 Metal insulator transitions 428 

6 Resistivity, CMR and material systematics 43 1 

7 Other unusual properties 434 

8 Discussion 435 



Index 



443 




Preface 



The physics of transition metal oxides has become a central topic of interest to 
condensed-matter scientists ever since high temperature superconductivity was 
discovered in hole-doped cuprates with perovskite-like structures. Although the 
renewed interest in hole-doped perovskite manganites following the discovery 
of their colossal magnetoresistance (CMR) properties, began in 1993 about 
a decade after the discovery of high temperature superconductivity, their first 
investigation started as early as 1950 and basic theoretical ideas were developed 
during 1951-1960. Experience in sample preparation and characterization, and 
in growth of single crystals and epitaxial thin films, gained during the research 
on high temperature superconductors, and the development of theoretical tools, 
were very efficiently used in research on CMR manganites. In early nineties 
it appeared to many condensed matter physicists that although the problem of 
high temperature superconductivity is a difficult one to solve, a quantitative 
understanding of CMR phenomena might be well within reach. 

This book is intended to be an account of the latest developments in the phys- 
ics of CMR manganites. When I planned this book back in 2000, 1 thought that 
research on the physics of CMR manganites would be more or less consolidated 
by the time this would be published. I was obviously very optimistic indeed. 
We are now in 2003 and we still do not have a quantitative understanding of the 
central CMR effect. Meanwhile the field has expanded. It is still a very active 
field of research on both the experimental and theoretical fronts. This book is 
thus only an account of present understanding of colossal magnetoresistance 
and related phenomena. 

The first four chapters (1 to 4) of the book show the experimental scene. 
They describe and discuss the experimental results on doped CMR infinite and 
bilayer manganites. Chapter 1 reviews the crystal and magnetic structures of 
infinite-layer conventional manganites and also of bilayer manganites, as ob- 
tained from the Bragg diffraction intensities. This chapter goes beyond the usual 
structural information and discusses local distortions or short range charge and 
orbital correlations which can be inferred from scattering experiments. Chapter 
2 discusses the evolution of static and dynamic spin correlations in Ca and Sr 
doped LaMn 03 in the small doping regions studied by elastic and inelastic 
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neutron scattering. These investigations reveal two spin wave branches related 
to the dynamics of two coupled magnetic media. One indicates an anisotropic 
superexchange coupling which is mainly related to the hole-poor matrix; the 
other indicates a ferromagnetic and isotropic coupling, which is mainly related 
to the ferromagnetic platelets. This chapter demonstrates the power of neut- 
ron scattering in revealing the complex magnetic behavior of the hole-doped 
manganites. Chapter 3 gives an overview of the electronic structure and Fermi 
surface of the CMR manganites with an emphasis on recent angle-resolved pho- 
toemission results on the bilayer manganites. Chapter 4, which is the largest 
chapter of the book, presents experimental results on the multi-scale phase 
modulation phenomenon observed in CMR manganites. Two types of phase 
inhomogeneities directly relevant to CMR are discussed. The first type in- 
volves micrometer-scale coexistence of structurally and electronically different 
phases. The percolative transport phenomena play the key role in the metal- 
insulator transition and are largely responsible for the significant magnitude of 
the magnetoresistance in the prototypical system (La,Pr^/ 8 Ca 3 / 8 Mn 03 . The 
second type of inhomogeneous state is found in the paramagnetic state at high 
temperatures. It consists of nanometer-scale structural correlations associated 
with nanoscale charge/orbital ordered regions. The authors argue that these 
nanoscale correlations are generic in orthorhombic mixed-valent manganites 
and that the correlated regions play an essential role in the CMR effect. Extens- 
ive electronic and thermal transport, electron microscopy, optical spectroscopy 
and X-ray studies are reported in this chapter. 

Chapters 5 and 6 introduce the theoretical front of manganite research. 
Chapter 5 reviews the present status of theories of manganites. The complex 
phase diagrams of these materials, with a variety of spin, charge and orbital or- 
dering tendencies, are addressed using mean-field and Monte Carlo simulation 
techniques. The authors show that tendencies to phase separation are common 
in realistic models for manganites. They produce nanoscale clusters of com- 
peting phases, either through an electronic separation tendency or through the 
influence of disorder in first order transitions. The inhomogeneities lead to the 
CMR effect, compatible with the experimental results described in previous 
chapters. Chapter 6 reviews aspects related to the orbital degrees of freedom 
in manganites. The Mn 3+ ions in manganites have double orbital degeneracy 
and are strong Jahn-Teller ions, causing structural distortions and orbital order- 
ing. The authors discuss ordering mechanisms and the consequences of orbital 
order. The additional degeneracy of the low-energy states and the extreme sens- 
itivity of the chemical bonds to the spatial orientation of the orbitals give rise 
to competing interactions. These, in turn, lead to the frustrations of classical 
ordered states and enhancements of quantum effects. The authors discuss the 
quantum fluctuations and related theoretical models including the occurrence 
of resonating orbital bonds in the metallic phase of the CMR manganites. 
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Chapter 7 is a short review of the theoretical investigation of magnetic ex- 
citations of manganites in the double exchange model and serves well as an 
introduction to chapter 8 devoted to the experimental and theoretical investig- 
ation of the spin dynamics of the bilayer manganites. Chapter 8 describes the 
results of inelastic and quasielastic neutron scattering investigations of the ferro- 
magnetic bilayer manganite Lai^Sri The authors develop a minimal 

double exchange model of the spin dynamics of infinite and bilayer manganites 
and compare the theoretical results with those of inelastic neutron scattering 
investigations. A possible theory of the doping dependence of the exchange 
interactions in bilayer manganites has also been developed. Chapter 9 reviews 
the development of the resonance X-ray scattering technique to investigate the 
charge and orbital ordering in manganites. The interpretation of resonant X- 
ray scattering given in this chapter remains somewhat controversial and is not 
yet widely accepted. Nonetheless the resonance X-ray scattering technique is a 
fast developing important technique capable of probing the physics of transition 
metal oxides. I therefore did not hesitate to include this chapter in the present 
book. 

Finally chapter 10 presents a new theory of manganites that may eventually 
turn out to be a big step forward to understand this class of materials. I have 
delayed the publication of the book a little in order to include this chapter. 

I wish to thank Sax Mason and Ronen Ghosh for helping me during the 
preparation of the electronic manuscript of the book. 



Tapan Chatterji 
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Chapter 1 

CRYSTAL AND MAGNETIC STRUCTURE FROM 
HOLE TO ELECTRON DOPED MANGANITES 

Dimitri N. Argyriou 

Hahn-Meitner-lnstitut 

Glienicker Strasse 100,14109 Berlin, Germany 



Christopher D. Ling 

Institut Laue-Langevin, 

6, rue Jules Horowitz, B.P. 156, 38042, Grenoble Cedex 9, France. 



Abstract The large decrease of the resistivity of mixed valent manganite perovskites, close 
to a paramagnetic to ferromagnetic transition (Tc ) or in a applied magnetic field 
(colossal magnetoresistance or CMR), has been shown to arise from a strong 
charge-lattice coupling mediated by the Jahn-Teller distortion of Mn 3+ -ions. 
We review recent structural work on conventional Ai- x A^.Mn 03 and bi-lay ered 
A 2 — 2 x A / 1 + 2 x Mn 207 manganite perovskites, that shows that this coupling gives 
rise to long range charge and/or orbital ordered crystal structures were Mn-spins 
couple strongly. However, for compositions of x ~0.3-0.4, long range charge and 
orbital ordering becomes frustrated giving rise to only short range correlations (or 
polarons). These polaronic correlations maintain their insulating characteristics 
and their instability close to Tc (with temperature and field) provides the driving 
force behind CMR. Recent work has been able to uncover the complex short range 
ordering of charges and orbitals at these compositions that show both longitudinal 
local distortions and/or co-existence with transverse distortions typically found 
at higher dopings. For Mn 4+ -rich compositions ( x >1/2), ground states tend 
towards antiferromagnetic insulating phases. Here the influence of relative small 
amounts of Mn 3+ -ions is seen via spin canted ordering for extreme dopings 
(x ~0.95) or ferromagnetic exchange interactions and phase segregation at highly 
doped compositions (x ~0.8). 

Keywords: Charge and Orbital Ordering, Magnetic Structures, Polarons, Polaronic Correla- 

tions, Magnetic and Structural Phase Diagram 
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1. Introduction 

The resurgence of manganite research in the early 1990’s was fuelled not 
only by the promise of new materials for technological applications in magnetic 
storage devices and sensors, but also by new physics with broad applications 
across the first row transition metal oxides. The physical properties of man- 
ganites were studied as early as the 1950’s [1,2] but have enjoyed a recent 
resurgence in part due to the large negative colossal magnetoresistance (CMR) 
they exhibit close to the coincident metallic and ferromagnetic transitions at Tc 
.[3] It is now understood that at the heart of the CMR mechanism lies a strong 
electron-phonon coupling mediated via a Jahn-Teller (J-T) distortion of the 
Mn 3+ ion through the lattice. [4, 5] Strong J-T coupling has also been discussed 
in relation to the physical properties of high-Tc superconductors [6, 7] and 
nickelates, [8] but in the manganites these effects are much stronger and rep- 
resent a class of materials where such coupling may be investigated in greater 
detail. The strong J-T coupling gives rise to a variety of interesting electronic, 
magnetic and structural phenomena, such as charge and orbital ordering, fer- 
rimagnetism, phase separation and of course CMR. In this chapter we shall 
focus on structural aspects of the manganites and in particular on the structural 
signature of charge and orbital ordering and its effects on the phase diagrams 
of perovskite and bilayered perovskite manganites. Although the focus of the 
chapter will be structural, relationships among structure, magnetism and charge 
transport will be reviewed where appropriate. 

In undoped manganese perovskites (such as LaMnQs) each Mn 3+ C>6 octa- 
hedron contains four d electrons on the Mn ion; three 4></ electrons that are 
Hund’s exchange coupled to form a S = 3/2 core spin, and one additional 
electron in a higher-energy doubly-degenerate eg orbital, giving S = 2. The 
energy of the occupied e g level can then be lowered by distorting the octahedron 
and removing the degeneracy. This J-T distortion couples the magnetic, elec- 
tron orbital and lattice degrees of freedom in a natural way. The J-T distorted 
octahedra can then be packed together to form a long-range orbitally ordered 
lattice, that also orders antiferromagnetically (AFM) as in LaMnCfj. 

For intermediate doping levels 0 < x < 1/2, the orbital ordering generally 
becomes frustrated, and the double-exchange interaction mediated by hopping 
of the e g electrons can then dominate the energetics to produce a regime where 
the ground state is metallic and ferromagnetic (FM). Indeed, the recent interest 
in manganites has arisen due to the fact that the conventional double exchange 
mechanism used by Goodenough to describe the magnetic coupling in FM 
manganites fails to provide a quantitative description of the large change in 
resistivity in the material at Tc or via the application of an external applied 
magnetic field. Millis etal. [4] suggested that a strong J-T coupling to the lattice 
localizes e g charge carriers for T > Tc but that at Tc the FM alignment of Mn- 
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spins releases these carriers via double-exchange (DE), driving the coincident 
insulator-metal transition. From a structural perspective, the coupling of charge 
and lattice by an isolated hopping e 9 charge leads to a lattice polaron which can 
be detected using structural probes, such as neutron or X-ray scattering. This 
polaronic state is intrinsically inhomogeneous, being made up of both short- 
range (10 — 20 A) charge/orbital correlations along with single J-T defects. The 
CMR effect then originates when a magnetic field is applied, producing a spin 
alignment that favors DE and melts the polarons, driving the insulator-to-metal 
transition. 

At extreme doping levels, x ~ 1, one can rethink the doping nomenclature 
and consider electrons being doped into AFM divalent parent compounds such 
as CaMnOa by chemical substitutions of trivalent species. This provides the 
opportunity to study the effect of the J-T coupling to the host lattice in dilute 
Mn 3+ concentrations. The application of DE and super-exchange (SE) across 
the phase diagram would intuitively suggest that there would be a hole-electron 
symmetry between Mn 3+ (low x) and Mn 4+ (high x ) rich regions of the phase 
diagram. On the contrary however, for 1/2 < x < 1, AFM insulating phases 
as well as long-range charge- and/or orbitally- (C/0-) ordered phases are more 
commonly observed, while metallic FM phases are absent. 

In this chapter we will primarily concentrate on the structural and magnetic 
properties of conventional (3-D) and bilayer (pseudo-2-D) perovskite mangan- 
ites. At first we shall review briefly their crystallography (section 1) and in 
addition some important aspects of the orbital, charge, and spin ordered struc- 
tures encountered in the manganite perovskites (section 2). Special attention 
will be paid in section 2.2 to experimental evidence for charge and orbital order- 
ing at x ^ 1/2 as it has attracted significant attention recently. General features 
of the electronic and magnetic phase diagram of manganites will be briefly dis- 
cussed in section 3 as it offers a road map for many of the features found in these 
materials. The realization that charge and orbital ordering becomes frustrated 
at intermediate doping levels and that this frustration is a key mechanism for 
CMR is relatively recent discovery and will de discussed in section 4, while 
the stability of C/O ordering and its competition with other AFM and orbital 
states will be covered in section 5. Finally, the magnetic and crystallographic 
properties of manganites at extreme doping levels will be covered in section 6. 

2. Crystal Structures 

The crystallography of the CMR manganites has been discussed in detail by 
numerous authors. For a relatively recent review see ref. [9]. So far two types 
of manganite perovskites have played a critical role in the field of CMR oxides. 
The first structure type is conventional perovskite, which consists of a network 
of cornered shares MnC>6 octahedra with the A-site cation situated between the 
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Figure LI. (a) The distorted orthorhombic form of the perovskite structure (space group 
P nma) found in many manganites. (b) The tetragonal structure of the layered perovskite 
La2-2xSri+2xMn2C>7 . 



octahedra (see fig. 1.1(a). Varying the average radius of the A-site cation, (ta) 

, by doping of the A site to form a solid-solution of Ai-^A^MnC^, leads to a 
distortion of the prototypical cubic perovskite structure (space group Pm3m) to 
lower rhombohedral (R3c) or orthorhombic structures (P bnm, a popular altern- 
ative setting of space group No. 62 Pnraa). This type of symmetry lowering 
is due to octahedral rotations and tilts driven by the size mismatch between 
the A-site cations and the Mn ion. This size mismatch may be quantified in 
an empirical fashion by the tolerance factor t = (ta + ro)/\/ < 2(rMn + ^o)> 
where r o are the ionic radii of the A-site, Mn- and O-atoms respect- 

ively. Typically, for values of t ~ 1 the perovskite structures tend towards 
to the cubic form with relatively straight Mn-O-Mn bond angles. Low values 
of the tolerance factor suggest a high degree of internal strain due to size mis- 
match and lead to distorted perovskite structures. [9] The perovskite motif can be 
used to form series of intergrowth structures such as Ruddlesden-Popper phases, 
(Ai_zA^) n Mn n 03 n +i (see fig. 1.1(b)). Both single layer (n = 1) andbilayered 
(n = 2) manganite systems have been examined in detail, however n = 1 sys- 
tem tend to be insulating, [10] while the bilayered L^_ 2 X Sri + 2 o;Mn 207 system 
has shown CMR behavior at doping x = 0.3 — 0.4. [10] For this reason we shall 
concentrate on the conventional perovskite and bilayered manganites. 

We note here that the environment of the Mn-ion in bilayered manganites 
is somewhat different than that in conventional perovskites. Here the structure 
is tetragonal (I4/mmm) and O-Mn-O bonds are almost straight (~ 179°), 
compared to buckling angles that vary from 155 — 170° in conventional per- 
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ovskites. The coordination of the Mn ions is also somewhat different. There are 
two apical oxygen atoms in this structure, 0(1) located between MnQ sheets 
and 0(2) located within the A\- x A f x 0 rock salt layer. 

3. Charge and Orbital Ordering in Manganites 

3.1 A- type Ordering 

Goodenough first pointed out that the J-T coupling of the Mr? + ion to the 
lattice would lead to cooperative effects in materials such as LaMr? + 03 . Here, 
J-T distorted Mn 3+ C>6 octahedra form an orthorhombic structure (space group 
P bnm) where the e 9 charge occupies alternating 3d 3x 2_ r 2 and 3d 3y 2_ r 2 orbitals 
as shown in fig. 1.2(a). This ordering forms MnC >2 sheets of filled orbitals 
with a structural signature of alternating long and short Mn-O bond, while or- 
bitals perpendicular to the plane remain unoccupied. This pattern of orbital 
ordering has a profound effect on the magnetism. Super-exchange (SE) within 
MnC >2 sheets is between filled and empty orbitals thus giving a ferromagnetic 
(FM) coupling. However, perpendicular to these MnC >2 planes, SE is between 
unoccupied orbitals and results in antiferromagnetic (AFM) coupling along the 
c-axis. This gives an overall AFM structure consisting of FM sheets antiferro- 
magnetically coupled along the c-axis. Modern experimental techniques have 
now been able to probe the orbital ordering in LaMrP + 03 indirectly by meas- 
uring the MnC>6 octahedral distortion using neutron diffraction [11] or more 
directly by probing changes in the charge density around the Mn-ion using 
resonant X-ray diffraction. [12] These measurements demonstrated the general 
principle that orbital ordering occurs at temperatures much higher than does 
spin ordering (To > T/v ). In LaMn0 3 in particular, the orbital ordering co- 
incides with the lowering of symmetry from cubic (Pm3m) to orthorhombic 
(P bnm) at To = 780 K, while A-type spin ordering is only observed below T/v 
= 140 K.[l 1, 12] 

3.2 CE-type Ordering 

For electronic doping of x = 1/2, e 9 charges localize and order in terms 
of both charge and orbital degrees of freedom. Evidence for this phenomenon 
in the manganites was first presented in the early neutron powder diffraction 
work of Wollan and Koehler[2] for La^Ca^MnOs. Here, a peculiar mag- 
netic structure was found that was described in terms of two different magnetic 
propagation vectors with a magnetic unit cell quadruple the size of the ori- 
ginal Pnma orthorhombic perovskite cell (see fig. 1.2(b)). Although from the 
propagation vectors alone, the direction of the magnetic spins could be determ- 
ined, refinement of magnetic intensities suggested that the magnetic structure of 
La^Ca^MnOs was in fact ferrimagnetic. Analysis showed that all Mn-sites 
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(a) A-lype (b) CE-type 




Figure 1.2. Types of magnetic and orbital ordering found in manganite perovskites. Solid 
lines represent ferromagnetic (FM) coupling while dashed lines representative ferromagnetic 
(AFM) coupling. Occupied 3d 3x 2_ r 2 , 3d 3y 2_ r 2 , 3d 3z 2_ r 2 and 3d x 2_ y 2 are labelled ac- 
cordingly. (a) A-type magnetic ordering as found for example in LaMnC^, (b) CE-type found 
for example in half doped CE-type phases such as Lai/ 2 Cai/ 2 Mn 03 , (c) A*-type as found for 
non-charge-ordered antiferromagnetic half doped manganites and (d) C-type found for example 
in Lao. 2 Cao.sMn 03 . Only the basal plane is shown with the exception of (a). 
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did not exhibit the same size moment, allowing Goodenough[13] to infer that 
this was due to the ordering of e 9 charges on alternate Mn-sites to form a discreet 
lattice of Mn 3+ and Mn 4+ ions as shown in fig. 1.2(b). This state is commonly 
referred to as CE after the two different types of propagation vectors described 
by Wollan and Koehler as C-type and E-type. The analysis of Goodenough is 
based on the overlap of the atomic orbitals in this Mn-lattice and especially the 
ordering of the Mn 3+ 3d 3x 2_ r 2 and 3d 3y 2_ r 2 states. Thus to obtain the CE- 
type AFM spin structure, charge ordering is not sufficient as orbital ordering is 
also required to determine the sign of the magnetic exchange between nearest 
neighbor Mn-ions. Here, e 9 charges occupy alternating 3d 3x 2_ r 2 and 3d 3y 2_ r 2 
orbitals on Mn 3+ ions along the 6-axis shown in fig. 1 .2(b) and the same orbital 
(either 3d 3x 2_ r 2 or 3d 3y 2_ r 2 ) along the a-axis. This C/O ordering allows for 
both FM and AFM Mn 3+ - Mn 4+ interactions as shown in fig. 1.2(b). The FM 
or AFM interaction therefore form alternating right angled couplings that give 
rise to the two magnetic propagation vectors. 

A prediction of Goodenough ’s interpretation of the AFM CE- structure is that 
there should be two different types of MnO^ octahedra, which should be easily 
differentiated as J-T distorted Mn 3+ C>6 and regular Mn 4+ C>6 . Indeed, recent 
work using a variety of structural probes has shown that superlattice reflection 
with a propagation vector of q CE = [1/4, 1/4,0] (using the cubic perovskite 
structure as a basis cell) are observed in La^Ca^MnOa below T co ~ 225 
K, while the CE-AFM ordering is observed below T# ~ 155 K. The first 
structural model for the CE crystal structure was inferred from the integration 
of several superlattice reflections from synchrotron X-ray powder diffraction. 
Using a constrained crystallographic model of a supercell with dimensions 
y/2a p x 2y/2a p x a p (where a p is the cubic perovskite lattice parameter) Radaelli 
et al [14] showed that the superstructure consisted of almost regular and J-T 
distorted octahedra as predicted by Goodenough’s model. 

Subsequent studies on single crystals of charge and orbitally order half-doped 
manganites have confirmed many of the general features discussed above. For 
example in Nd^Ca^MnC^ a characteristic dependence on the x-ray po- 
larization [15] is observed for both orbital- and charge-ordering superlattice 
reflections. However, there is still some controversy over the use of resonant 
X-ray methods as a precise probe for charge and orbital ordering. For example 
in Pr 1 / 2 Ca 1 / 2 Mn03, resonant X-ray scattering showed evidence of charge or- 
dering but no evidence for orbital order [16]. On the other hand, Kajimoto et 
al [17] report for the same compound the observation of CE-type AFM spin 
ordering at T^ ~ 180 K which would require the ordering of Mn 3d orbitals in 
the very particular pattern described above. These contradictory observations 
can be reconciled to some degree if it is allowed that the ordering of 3 d 3z 2_ r 2 
orbitals in these half doped manganites is in some cases only partial. There is 
certainly some evidence for that in the layered manganite LaSr 2 Mn 2 07 (dis- 
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cussed further in the next section) and also in Pr^Ca^MnOs, where partial 
orbital ordering may be reflected in the observation of ferromagnetic spin fluc- 
tuations close to T co -[18] 

3.2.1 CE-type Ordering in Bilayered Manganites. Although single 
crystal samples of half-doped charge ordered manganites are available, detailed 
crystallographic analysis of the CE-type C/O ordered crystal structure has been 
frustrated by the twinning of these orthorhombic samples. However, due to the 
tetragonal symmetry of layered manganites, twinning is not possible and these 
materials provide an excellent opportunity to test the CE model for charge and 
orbital ordering. Argyriou et al. [19] carried out a single crystal refinement of 
LaSr 2 Mn 2 07 using time-of-flight single crystal neutron diffraction. In this ma- 
terial, superlattice reflections with propagation vector q OE = [1/4, 1/4, 0] are 
observed below T co = 210 K suggesting a symmetry-lowering from the parent 
14 /mmm structure to the equivalent supercell described for L%/ 2 Ca!/ 2 Mn03 
but with orthorhombic space group symmetry B bmm. 

Analysis of 1200 reflections using an unconstrained crystallographic model 
largely confirmed the general features of Goodenough’s model in that they 
revealed two distinct Mn sites (label as Mn(l) and Mn(l') in fig. 1.3). [19] It was 
found that for Mn( 1 ) there are two short in-plane Mn-O bonds ofl.923(l)A and 
two longer bonds of 1.962(1) A, the latter corresponding to occupied 3 d 3x 2_ r 2 
/ 3 d :iy 2_ r 2 orbitals extended along the bond axis. The second site, Mn(l'), has 
two similar pairs of in-plane Mn-O bonds of 1.918(1) A and 1.906(1) A (see 
fig. 1.3). The apical oxygen distances for both Mn sites are 1.921(2) A for 
the Mn-O(l) and 1.944(2) A for the Mn-0(2) bond. Although the degree of 
distortion for Mn 3+ 06 is smaller and for Mn 4+ 06 greater than in the perovskite 
La^Ca^MnOa, the directions of the J-T distortion are consistent with the 
CE-model and may suggest a smaller degree of charge and orbital ordering. 
This can be quantified by comparing the bond valence sums, t, ; , from these 
two Mn sites where values of 3.67 and 3.87 are obtained for the Mn(l) and 
Mn(l') sites respectively. These values suggest that the ionic model of charge 
ordering in LaSr 2 Mn 2 C>7, in which discreet Mn 3+ and Mn 4+ sites exist due to 
the localization of e g carriers, is oversimplified and points to a larger degree 
of covalency involving Mn d orbitals and O p orbitals. For x = 1/2 in these 
bilayered materials, the CE-AFM spin structure is not observed as the C/O 
ordered state competes directly with an A* -type spin ordering. [20]. However, 
for higher doping the C/O ordered state becomes more stable and CE-AFM spin 
ordering is observed [21, 22], 

For single layered manganites such as L^.sSrt.gMnOzi, a CE-type C/O 
ordered state is also observed and has been studied extensively (for example 
see Stemlieb et al. [23] and Murakami et al. [24]). 
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Figure 1.3. The crystal structure of the CO state of LaSr 2 Mn 207 . The black thick lines 
show the cell of the parent 14 /mmm structure, while the thinner lines shows the size of the 
sj2a t x 2y/2 a t x c t supercell (were a t refers to the parent tetragonal 14 /mmm cell). Arrows 
show the displacement of atoms from the parent 14 /mmm structure. Atoms labeled as (') 
indicate equivalent sites to in the 14 /mmm setting ( i.e . 0(2) and 0(2') are equivalent sites). 
Various Mn-O bond lengths are shown. After reference [20]. 



3.2.2 CE-type ordering for x < 1/2. The CE-type charge and orbital 

ordering is observed for compositions with x < 1/2, undoubtedly demonstrat- 
ing a large degree of resilience in accommodating excess Mr? + charges. For 
this range of compositions the additional Mil 34 " ions occupy statistically Mn 44 " 
positions in the ideal x = 1/2 CE crystal structure. However in this case eg 
charge occupies a 3d^ z 2__ r 2 orbital with the charge in lobes perpendicular to the 
ab- plane. This C/O ordering is known as pseudo-CE and has been described 
for Pro.7Cao.3MnO3.p5, 26] 

3.3 A*-type Ordering 

In the region around x = 1/2 for Ai_ x A^Mn 3 l x Mn 4+ 03 systems, there is 
competition among three phases, antiferromagnetic CE-, A-type and a ferro- 
magnetic state. The phase that exhibits A-type spin ordering at these doping 
levels also appears to exhibit an orbital polarization much different from the 
phase found at x = 0. In this case, Mn e g charges occupy planar 3d x 2_ y 2 
-type orbitals that allows FM-DE within the MnQ2 planes while maintaining 
AFM-SE between them (see fig. 1 .2(c)). For clarity we shall henceforth refer 
to this phase as A* -type in order to differentiate it from that found in LaMnCh 
, where Mn 3+ 3d$ x 2_ r 2 / 3d% y 2_ r 2 orbitals order to form the same AFM spin 
arrangement. [27, 28, 29] 
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The relative stabilities of the three phases typically seen at x = 0.5 is affected 
by tolerance factor and bandwidth [30] as well as by the variance of the mean 
A-site radii (ta) .[31] For example in the Pro.5Ao 5 MnC>3 system with small 
A'=Ca, a CE-type C/O ordering is found while for larger cations such as A'=Sr 
the A*-type state becomes stable.[32] Ferromagnetic ordering is also reported 
for some system above T co [30] The competition between A*- and CE-type 
is further highlighted in Bio.sSro.sMnOa which exhibits a mixed CE/A-type 
ground state. [33] In bilayer manganites the competition between CE- and A*- 
type ordering is most pronounced around x = 1/2. [20] 

3.4 C-type Ordering 

Typically in the region 3/4 < x < 0.85 the dominant magnetic ordering is 
antiferromagnetic C-type. This spin structure, first determined by Wollan and 
Koehler, [2] arises when Mn 3d e g electrons are polarized into axial 3d 3z 2_ r 2 
orbitals which delocalize to form 1-D chains as shown in fig. 1.2(d). This 
allows FM-DE along the chains [34, 35] while maintaining AFM-SE between 
them. This orbital polarization leads to a net J-T distortion, with an elongation 
of the lattice along the FM chain direction and lowering the crystallographic 
symmetry in perovskite manganites from orthorhombic P nma to monoclinic 
P2i /m in systems with small (ta) or from cubic Pm3m to tetragonal I4/mcm 
in systems with large (r .\ ) . In the bilayered manganites the symmetry reduction 
for this phase is from tetragonal 14/mmm to orthorhombic Immm.[36] 

3.5 G-type 

The ground state for .VMnO-j (x = 1.0) is G-type AFM, [2, 37] in which 
the spins on all Mn 4+ sites are antiparallel to their nearest neighbors. This 
spin arrangement can be explained simply in terms of AFM Mn-O-Mn SE in- 
teractions [13]. The spins are oriented along the short c-axis in small (r\) 
systems such as A'=Ca, leaving the P nma symmetry unchanged. The large 
(ta) perovskites necessarily lose their cubic Pm3m symmetry when the par- 
allel spins create a unique direction; they adopt the same symmetry as for the 
C-type AFM phase, tetragonal I4/mcm, with the spins also along the unique 
c-axis.[38] The dependence of the nuclear and magnetic structures on (ta) 
at x = 1 was examined in detail by Chmaissem et al. [37] with the solid 
solutions Sri_ 2 Ca 2 Mn03, 0 < z < 1 and Sri-^Ba^MnOs, 0.0 < y < 0.2; 
(r.\) decreases with c and increases with y. As ~ was increased from 0 to 1, 
the room temperature structure changed from Pm3m to P bnm via an inter- 
mediate I4/mcm form for 0.3 < 2 < 0.4 (the structure remained cubic for 
0.0 < y < 0.2). The Neel temperature of the G-type AFM state decreased 
continuously into the lower symmetry regimes, which can be understood in 
terms of a simple dependence of G-type AFM super exchange coupling on Mn- 
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O-Mn bond angles (although a parabolic dependence of T/v on (ta) observed 
within the cubic regime betrays the more complex underlying form of the SE 
interaction integral). 

In bilayered La 2 - 2 x Sri + 2 X Mn 2 C> 7 , the exchange mechanism in G-type AFM 
does not require extended electronic delocalization, and the spins are free to 
orient parallel to the unique tetragonal c-axis and retain their 14 /mmm sym- 
metry. 

4. General Trends From Hole- to Electron-Doped 
Manganites 

A deeper appreciation of the role of orbital and charge ordering in manganites 
can be gained by first understanding the physical properties of these materials 
over a wide range of composition and electronic doping. These chemical road 
maps provide a global view where important physical ideas become evident. 
Below is a brief review of various phase diagrams of manganite systems and 
some of the important ideas they have revealed. 

There have been numerous studies of the physical properties of many man- 
ganite solid solutions in order to map out their properties and elucidate the 
fundamental parameters that control them. For example, the seminal work of 
Wollan and Koehler [2] studied the changes in magnetism with hole doping in 
the Lai-^Ca^MnC^ system. More recent work on the Lai-^Sr^MnOs system 
demonstrated that the doping of holes in the LaMnCh gave rise to a canted 
or phase separated FM state for x < 0.1. A FM metallic state below Tc for 
x > 0.15 demonstrates the increasing role of FM double exchange and its 
control via doping. [39] However, it was also realized that subtle changes in 
structure played a key factor in the properties of manganites. The role of the 
tolerance factor was studied in a series of samples where the electronic doping 
was kept to x = 0.3 i.e. AqjA'q 3 Mn 03 (see fig. 1.4). The underlying motiv- 
ation for such studies was the idea that the one-electron bandwidth W was a 
strongly varying function of the <Mn-0-Mn> bond angle, which in turn could be 
controlled by varying the tolerance factor with appropriate choices of A and A. 
The phase diagram devised by Hwang et al. [40] showed clearly that at constant 
doping the variation of structural parameters via the adjustment of the tolerance 
factor can effectively tune W. Thus for small mean A-site radius ((va) ) a FM 
but insulating ground state can be stabilized (small W), while for larger (va) 
a FM metallic state becomes stable below Tc . To date numerous papers have 
been published exploring these relationships both theoretically and experiment- 
ally (for theory see [4, 5, 41, 42, 43] and references therein, experimental work 
is described in following sections). A recent overview of bandwidth control of 
the physical properties of manganites was given by Tomioka et al. .[30] These 
authors measured systematically magnetic and electronic properties of single 
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Figure 1.4. Electronic and magnetic phase diagram of the Ao. 7 Ao. 3 Mn 03 system. Here PMI, 
FMI and FMM denotes a paramagnetic insulator, a ferromagnetic insulator and ferromagnetic 
metal respectively. After reference [40] 



crystal specimens as a function of (ta) at various dopings x. As is evident from 
fig. 1.5, the ferromagnetic state becomes unstable for smaller values of t irre- 
spective of the doping x. As with the work of Hwang, [40] here also we note that 
there appears to be a critical tolerance factor ^ below which Tc is suppressed, 
and that t c is a function of x , [30] in contrast with the double exchange picture 
where W is a linear function of x. This discrepancy suggests that other states 
or parameters are competing with double exchange. Indeed, a close look at 
the Pro.65(Sri_ y Ca 2/ )o.35Mn03 phase diagram [30] (fig. 1.6) where only (ra) 
is varied clearly shows that the FM metallic state is competing directly with a 
CE-type charge and orbital ordered state. In this phase diagram the increase 
of Tc away from the critical point is consistent with the bandwidth picture, 
however the apparent sharp decrease of Tc at y ~ 0.7 suggest the existence 
of a mechanism contributing to charge localization in addition to the collapse 
of the one-electron bandwidth. Structural studies of a variety of manganite 
compositions suggest that changes in the bandwidth due to the tolerance factor 
alone are smaller than expected, and an additional energy scale arising from 
local Jahn-Teller effects may be required to reconcile observed behavior. [44] 
Evidence for local Jahn-Teller interaction has been found for optimally doped 
conventional and layered manganites.[45, 46, 47] For conventional perovskites 
the long range charge ordering that is typically found for x = 1/2 becomes 
frustrated at lower doping leading to only local charge and orbital ordering. 
It is this frustrated C/O ordered state which is highly insulating but unstable 
in a magnetic field that results in high CMR. Killian and Khaliullin [41] have 
demonstrated that in the presence of orbital and charge ordering the bandwidth 
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Figure 1.5. Magnetic phase diagram of the REi-^Sr^MnC^ system as a function of tolerance 
factor for x=0.3, 0.4, 0.45 and 0.5. After reference [30]. 




y 

Figure 1.6. Magnetic and electronic phase diagram of Pro.65(Sri_ y Ca y )o.35Mn03. After 
reference [30]. 



can be reduced by as much as 30%, thus providing for further evidence for C/O 
degrees of freedom to the bandwidth, t picture. Evidence for short range C/O in 
optimally doped CMR manganites and their relationship to transport properties 
is given in the next section. 

The application of the DE picture across the phase diagram of manganites 
perovskites, from x =0 to 1 would suggest a similar behavior of the physical 
properties for small x and for x ~ 1. Experimentally, however, this is not the 
case. For electron - doped compositions (for high x we can think of doping ^ 






14 



COLOSSAL MAGNETORESISTIVE MANGANITES 



charge in CaMn 4 + C> 3 ) we typically find that they are predominately insulating 
and antiferromagnetic with the exception of a metallic A* -type as found in 
Lai-^Sr^MnOs .[48, 49] Furthermore, charge and/or orbital states tend to be 
more stable at high x but finally give way to a G-type state for x ~ 1. The 
charge ordering for these doping tends to be of the CE-type, but modulated 
due to the large deviations from the ideal doping of x = 1/2. For some 
compositions close to the C- and G-type phase boundary, local and/or long 
range FM interactions can also be found as reported for example by Maignan 
et al. [50] for Sm x Cai_ x Mn 03 . 

Recent theoretical work points out that the e g levels in which the charge car- 
riers move are orbitally degenerate. [34] For example in LaMnO^, the localized 
e g charges are orbitally ordered in 3d 3x 2_ r 2 and 3d Sz 2_ r 2 state thus lifting any 
orbital degeneracy. For low x we can in a first approximation ignore any orbital 
degeneracy and apply the conventional DE model. However if we start from 
the opposite direction and dope electrons to the insulating CaMnQ, one dopes 
these electrons into empty e g states, which are orbitally degenerate. This orbital 
degeneracy significantly modifies the double exchange coupling and can res- 
ult in unstable magnetic ordering and possibly canted antiferromagnetic states. 
[35, 34] Experimental evidence for the effect of MrP + -ions in the structure and 
magnetism of highly doped is discussed further in section 6 . 

5. Orbital Frustration for Mn 3 +-rich Manganites 

(0<x< 1 / 2 ) 

For dopings intermediate between the A- and CE-type orbital ordered phases, 
long-range C/O-ordering is typically not observed, and the ground state of these 
manganites can be tuned to a FM metallic state by varying the size of the A-site 
cation. [40] There are some exceptions to this general behavior, e.g. evidence of 
orbital order in Lao. 875 Sro. 125 MnO 3 .f 5 i, 52] In the Lai_ x Ca x Mn 03 and layered 
La 2 - 2 xSri + 2 xMn 207 systems a CMR effect is found for doping x ~ 0.2 — 0.4. 
The low temperature state of these materials can be easily described as a double- 
exchange ferromagnet, however the decrease in resistivity at Tq is significantly 
higher than what would be expected from only double exchange and additional 
physics are required to account quantitatively for this behavior. Millis et al [4] 
suggested that a strong electron-phonon coupling in the form of a J-T polaron 
would account for the higher than expected resistivity of the paramagnetic- 
insulating phase in this intermediate doping range. 

The probing of polarons and their effects on structure and magnetism has 
been especially revealing of the underlying physics of the manganites. Early 
measurements concentrated on neutron powder diffraction (NPD) patterns and 
their analysis using either profile refinement via the Rietveld method or Pair 
Distribution Function (PDF) analysis. These measurements were successful 
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in showing that at Tc significant changes both in the long-range and local 
crystal structure accompany the electronic and magnetic transitions. [53, 54, 44, 
55, 56, 57] This was taken as a strong evidence of the high electron-phonon 
coupling expected from J-T polarons. In particular, in both perovskite and 
layered manganites a sharp discontinuity was observed in both lattice constants 
and Mn-0 bond lengths at Tc .[44, 56, 58] These changes were accompanied 
by a significant change in the local environment of the Mn-ion as shown by a 
sharp discontinuity in the atomic displacement parameters (ADPs, or Debye- 
Waller factors) as well as the height of 0-0 and Mn-0 PDF peaks. [54] The 
central theme that emerged from these early powder measurements was that 
the insulating state of these intermediate-doped CMR manganites was best 
described as structurally disordered , due to the hopping of eg charges through 
the lattice. 

Further evidence corroborating the conclusions of these powder diffraction 
measurements emerged from the observation of anomalies in the temperature 
dependence of the thermal diffuse scattering (TDS) in both layered and per- 
ovskite [59] manganites using single crystal diffraction. These anomalies are 
due to Huang scattering which arises from long range lattice relaxation around 
point defects, in the general case producing disorder scattering in symmetric 
shapes around Bragg reflections. In the manganites, the shape of the Huang 
scattering (see fig. 1.7) has been shown to be consistent with the breaking of 
the overall symmetry of the lattice by local J-T distortions around Mr? + ions 
[59]. Three incommensurate peaks are observed, characterized by the wave 
vector [±e,0,Z] or [0 ,±e,Z], e ~ 0.3. Both neutron and x-ray experiments have 
been able to show that the intensity of the Huang scattering scales directly with 
the resistivity of these manganites [45] and correlates strongly with the obser- 
vation of lattice effects and anomalies in ADPs. [57] This is direct evidence of 
the presence of incoherent disorder in the insulating state of these manganites; 
‘incoherent’ in the sense that the disorder is only local and does not reduce the 
overall symmetry of the host lattice. 

5.1 Short Range Charge and Orbital Ordering in 
Optimally Doped Manganites 

Although the picture of a hopping J-T-coupled e g polaron may be intuitively 
suggest a gaseous model of polarons, we remind the reader that at these doping 
levels the high concentration of Mn 3+ would no doubt lead to correlations 
between neighboring Mn 3+ ions. At low x, a single J-T active Mn 3+ ion can 
interact with the lattice via overlapping lattice-strain fields and electronic wave 
functions. These interactions, especially strain,[60] can be long range and it is 
unavoidable that electronic and structural correlations develop within the host 
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Figure 1. 7. (a) Contour plot showing the Huang diffuse x-ray scattering from a single crystal of 

La 2 - 2 ,Sri + 2 ,Mn 2 07 , x — 0.4, at 300 K around the (0,0,8), (0,0,10), and (0,0,12) reflections, 
(b) Contour plot of the x-ray intensity from the same crystal in the (hkO) plane at l = 18, at T 
= 125 K. After reference [45]. 



lattice. The case of long-range charge C/O order, for example, may be viewed 
as one type of strongly correlated polaronic limit. 

These polaronic correlations are not, however, readily probed using powder 
methods and single crystal diffuse scattering techniques have proved to offer 
arguably the most effective means of understanding how polarons behave in the 
insulating state of optimally doped CMR manganites. The correlation of lattice 
displacements due to the local ordering of Mr? + t g orbitals results in diffuse 
satellite reflections in reciprocal space. In conventional perovskites, static short- 
range ordering is observed in the paramagnetic state with propagation vector 
q = (1/4, 1/4, 0) (fig. 1.8), the same propagation vector as the CE-type C/O 
structure observed at x = 1/2. [46, 47] This suggests that along with lattice 
relaxations due to single Mn 3+ 06 octahedra, there is an additional local ordering 
of charge and orbital degrees of freedom in the form of CE-type clusters. The 
coherence lengths of these CE-clusters is of the order of 20 A, [46, 47] and 
appear to be static within a time scale of 1 ps. The connection between charge- 
transport and this charge inhomogeneous state is evident in that the intensities 
of both the Huang-scattering and the diffuse CE-intensity scale directly with 
the resistivity of the material, and rapidly disappear in the metallic state below 
the FM transition temperature Tc (see fig. 1.8). 

Short range C/O ordering in the manganites was first reported for 
Lai. 2 Sri. 8 Mn 207 and to date this is the system studied in the most detail. [6 1 , 62] 
In this material static short-range C/O ordering is observed in the paramagnetic 
state with an incommensurate propagation vector q L — [0.3,0, 1] [61] (see 
fig. 1.7b). The temperature dependence of the intensity of these superlattice re- 
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Figure 1.8. (a) Transverse elastic neutron scattering scans from a single crystal of 

Lao. 7 Cao. 3 Mn 03 through (3.75,77,0) at 220 and 280 K (open and filled triangles respectively), 
showing the clear development of polaron peaks at wave vector (1/4, 1/4,0). The subtracted data 
are shown as filled circles. The solid curves are fits to Lorentzian peaks, (b) Temperature de- 
pendence of the intensity of the polaron peak at (3.75,0.25,0). The dashed curve is the resistivity, 
scaled in the same manner. Superposition of the data (scaled so the peak heights match) indicates 
a common physical origin. After reference [46]. 



flections is the same as in the conventional perovskites, demonstrating the close 
relationship between local ordering and charge transport. A detailed picture of 
the short-range C/O ordering has been obtained by the analysis of the intensities 
of these diffuse scattering reflections using a modulated structure approach. [62] 
The results of the analysis of the 109 unique diffuse reflections are shown in 
fig. 1.9. The picture of the short-range C/O ordering that emerged from this 
analysis is of a cooperative J-T distortion caused by the occupation of Mn ^ or- 
bitals with 3d‘ Sx 2_ r 2 character. In-plane Mn-0 bond distortions along the [100] 
direction were found to be much more pronounced than in other directions. In 
addition, other cooperative features were found including the stacking of J-T 
distorted octahedra within a bilayer, the c-axis compression of octahedra that 
experience a-axis elongation, octahedral rotations about the 6-axis, and the 180 
° phase difference between the modulations in adjacent bilayers, all of which 
appear to work together to minimize the lattice strain induced by the dominant 
in-plane Mn-O distortions. 

As is evident from both the propagation vector and the analysis of the diffuse 
superlattice reflections, the structural distortions in this manganite are longitud- 
inal (L-type) in nature which is in sharp contrast to the transverse type structural 
distortions observed in CE-type C/O order in the conventional perovskites as 
discussed above. In CE-type C/O ordering, alternating rows of Mn 4+ and Mn 3+ 
sites and the alternating ordering of 3d^ x 2_ r 2 and 3d 3y 2_ r 2 orbitals act so as to 
minimize both Coulomb and lattice-strain energies. The modulated structure 
revealed for this layered manganite is more consistent with a smoothly vary- 






18 



COLOSSAL MAGNETORESISTIVE MANGANITES 




Figure 1.9. Crystallographic representation of the one-dimensionally modulated structure as- 
sociated with the diffuse q L = [0.3, 0, 1] satellites. The atomic displacements are exaggerated in 
order to make the more subtle features of the modulation visually apparent. The directions of the 
atomic displacements within each perovskite sheet and bilayer follow the light O -component) 
and dark (x-component) curves, where peaks indicate +x or +z displacements and troughs in- 
dicate —xor—z displacements. The incommensurate modulation period has been approximated 
by the commensurate value of After reference [62]. 



ing charge density between Mn-sites along the [100] direction. Note that in the 
ideal ionic fully charge-localized case the Mn-ion would take a discreet valance 
state such that the Mn 3+ 06 octahedra would be strongly distorted, while the 
Mn 4+ C>6 octahedra retain a regular undistorted symmetry. The incommensur- 
ate nature of the periodic Jahn-Teller distortions shown in fig. 1 .9 indicates an 
e g electron density that varies continuously across the lattice within the 25 A 
correlated regions, resulting in MnO^ octahedra with mixed Mn 3+ / Mn 4+ char- 
acteristics. This remark is in agreement with single-crystal neutron-diffraction 
study of long-range CE-type C/O order for LaSi^M^Oy ( x = 0.5) which con- 
cluded that the Jahn-Teller distortions observed were too small to be explained 
in terms of discrete Mn 3+ and Mn 4+ valence states. [19] The smooth modula- 
tion of its charge and orbital degrees of freedom were instead interpreted as a 
weak charge-density wave (CDW) with q CE = [1/4, 1/4, 0]. 

In strong CDW systems a peak in the electronic susceptibility at the CDW 
wave vector results in a nesting of the Fermi-surface. This requires a strong 
electron phonon coupling (such as provided by the J-T coupling of Mr? + ) to 
induce, if permitted, a structural distortion lifting the Fermi surface nesting de- 
generacy. In Lai^Sri.gM^Oy, the modulation wave vector does appear to be 
related to the electronic structure, as recent angle-resolved photoemission spec- 
troscopy measurements and density functional calculations reveal pronounced 
Fermi-surface nesting features in the metallic phase below Tc , with nesting 
vector 2qp = (0.3,0,±1), while a wide pseudogap is observed to open above 

T C • 
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5.2 Glassy Polaron Dynamics 

The exact parameters determining the type of local C/O order are not clear. 
In both cases, local C/O ordering attempts to minimize the strain induced by the 
localized e 9 charge and Coulombic interactions. Indeed, local J-T strain also 
appears to be an important factor, as recent theoretical work suggest that J-T 
strain alone could lead to the formation of stripe- like local order. [60] It is clear 
that for these intermediate doping regions with FM metallic ground states, the 
insulating state represents a regime where long range C/O ordering is unstable 
and has becomes frustrated. Within this state, the polaronic regime is better 
described as an charge/orbital cluster glass. 

Indeed the glass like behavior of the C/O ordering in manganites has 
been commented by a number of authors. [63, 64] However, the most strik- 
ing example of glassy behavior is found in the polaron dynamics of bilayered 
manganites. [65] Recent X-ray diffuse scattering from single crystals of 
La 2 - 2 xSri + 2 x Mn 207 , x =0.4, 0.38 has indeed shown that both longitudinal 
and CE-type transverse distortion co-exist in these layered material. However, 
a peculiar behavior has been observed for the CE-correlations, namely that on 
cooling from 300 K their intensity decreases as T^Te . This is opposite to 
the behavior of L-type correlations[45] in the same material and for CE-type 
correlations in the conventional perovskites.[46, 47] This behavior may be sug- 
gestive of a competition between different types of local order in manganites, 
but inelastic neutron scattering demonstrated that the CE-type scattering and 
the unusual behavior of its intensity with temperature, is dynamic in origin. [65] 

Fig. 1.10 shows measurements for the CE-type scattering at (2+ 1/4,2- 1/4,0), 
around the (2,2,0) Bragg reflection. At the highest temperatures the scattering 
can be well described as quasielastic. The energy width T of the quasielastic 
scattering indicates that the Jahn-Teller polarons fluctuate with a lifetime of 
the order of femtoseconds (r ~ Ti/T ~ 60 fs at 360K). Constant energy scans 
along the [110] from the (220) reflection were used to compile the map shown 
in fig. 1.11. Here, the transverse phonon and Huang contributions were sub- 
tracted to reveal an excess quasielastic scattering centered at Q~ (2.27,1.73,0). 
This map of the inelastic response shows that the dynamical scattering still has 
surprisingly well-defined correlations at these elevated temperature, demon- 
strating that the polarons are not isolated Jahn-Teller Mr? 4 " deformations, but 
are dynamically correlated. The dynamical correlation length obtained from 
these data is ~ 12 A, comparable in size to the static correlation length found at 
lower T. 

These dynamic CE-correlations are still present up to 460 K. On decreasing 
the temperature from 460 K (fig. 1.10), the quasielastic scattering narrows 
in energy, while the intensity of the elastic scattering increases, as shown in 
the temperature dependence of the intensities and quasielastic linewidth T in 
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Figure 1.10. Scans of the observed quasielastic scattering at various temperatures, measured 
at <2=(2.25, 1.75,0). The scans measured at 300K and 180K are displaced by 200 and 400 counts 
respectively for clarity. Solid lines represent the Lorentzian component, while the Gaussian 
centered at ^11 meV describes [110] transverse acoustic phonon (460K data only). After 
reference [65]. 
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Figure 1.11. Color contour map of the quasielastic scattering at 360K in La 2 - 2 xSri + 2 ./ Mn^O? 
x =0.38. After reference [65]. 



fig. 1.12. At high temperatures the width decreases approximately linearly until 
T=T* ~3 10 K, while the integrated intensity of the scattering is approximately 
temperature independent. Below ~310 K, the behavior of the quasielastic 
width and intensity abruptly changes, and we find that a new, purely elastic 
component, develops in the spectrum. The data reveal that at high temperatures 
the neutron spectra are dominated by quasielastic scattering, while on cooling 
the intensity of the elastic scattering develops rapidly below T ~310 K, and 
appears to track the resistivity of the material. This increase is accompanied by 
a concomitant decrease of the quasielastic intensity, while the energy width T 
exhibits a change in slope, becoming approximately constant for Tc <T<T* . 
In this region the elastic scattering dominates while the quasielastic scattering 
intensity is non-zero and has a measurable value of T, indicating a coexistence 
of both frozen and dynamic CE-correlations. 

>From these measurements three regimes are clear. For T >T the observed 
scattering is dominated by CE-correlations that are completely dynamic. The 
quasielastic width from these correlations varies linearly for T>T , which is 
qualitatively what is expected for a continuous phase transition. We note here 
that these dynamic correlations have a classical signature in that A&T* > > T for 
the temperature range investigated. The second regime occurs for Tq <T<T* , 
and is dominated by frozen static polaronic correlations as revealed by the rapid 
development of the CE-elastic component at T . Here the development of the 
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elastic component is accompanied by a decrease of the quasielastic intensity, 
while the short-range spatial correlations do not diverge. This behavior is 
clear evidence for a freezing transition, analogous to the freezing transition 
T g found in structural glasses, or geometrically frustrated spin-glasses. For 
example, in the geometrically frustrated antiferromagnet Y 2 M 02 O 7 a similar 
transition to a short range ordered magnetic state is observed, with a non- 
divergent spatial coherence length, development of an elastic component, and a 
second-order-like behavior of the spin relaxation rate for T^.[ 66 ] We note that 
at the same temperature as T* , neutron powder diffraction measurements in 
this bilayer system have identified a strong anomaly in the lattice constants[56], 
and specific heat anomaly. [67] Taken together with the present results the data 
strongly suggest that T* represents a phase transition from a polaronic liquid to 
a polaronic glass. This polaron glass then dissolves at Tc as the ferromagnetic 
metallic state sets in. This behavior is in sharp contrast to similar measurements 
in (insulating) LaS^M^Oy, that exhibits a long range CE charge ordering 
transition at 220K. Here critical scattering is observed, with the correlation 
length of the CE- diffuse peaks diverging at the charge ordering transition, T co 
=21 OK. 

The insight given by these inelastic neutron measurements is the transition 
at T* , which signifies the freezing of dynamic polaron correlations from a 
polaronic fluid. These correlations are indeed dynamic at sufficiently high 
temperatures, while an unusual insulating state develops below T that is best 
described as a charge/orbital cluster glass both in terms of its glassy statics 
and dynamics. These results are in tentative agreement with recent quantum 
Monte Carlo modeling that predicts a freezing of short range correlations in 
manganites.[42] Hole doping destroys the cooperative JT ordering found in 
undoped compounds, but it does not remove the JT coupling to the lattice. For 
optimally doped CMR manganites, the lattice is unable to accommodate long 
range cooperative ordering of the e 9 orbitals and thus is inherently frustrated. 
The glass-like behavior of the diffuse scattering and the phonon damping (or 
zone folding) observed in the manganites are indications of the frustration that 
naturally occurs when orbitally-ordered systems are randomized by doping. 
[ 68 ] The orbital frustration inhibits the development of spatial order, but the 
transition still proceeds as a freezing of the local order, producing a (static) 
glass. For the manganites the role of frustration is critical, as it allows for a 
delicate balance of competing interactions that gives rise to enhanced physical 
properties such as CMR. 

6. Stability of the CE-type Charge and Orbital Ordering 

The stability of the CE-type charge and orbital ordering in the manganites is 
indeed remarkable, being observed for dopings as low as x = 0.3 [25] and as 
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Figure 1. 12. Temperature dependence of the elastic (a) and quasielastic intensity (b) from fitting 
a Gaussian and Lorentzian response to the spectra shown in fig. la measured at g=(2.25, 1 .75,0). 
(c) The quasielastic width, T of the Lorentzian response. Dashed lines are guides to the eye. 
Error bars correspond to standard deviations obtained from the least squares analysis. After 
reference [65]. 
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high as x — 0.8. [69] The stability and structural details of the CE-type ordering 
vary significantly over this compositional range, but the general feature of the 
structure as found for the ideal x — 0.5 compositions remains largely intact; 
i.e. the transverse pattern of displacement forming a ferromagnetic right angle 
chevron of Mn 3+ - Mn 4+ - Mn 3+ . Deviations from the ideal x = 0.5 need 
to accommodate additional Mn 3+ on the CE lattice for x < 0.5 or additional 
Mn 4+ for x > 0.5. For x < 0.5 the extra e g charge is placed on a nominally 
‘Mn 4+ ’ site (of the x = 0.5 structure) but with the orbital aligned perpen- 
dicular to the afe-plane as shown in fig. 1.2. This phase has been labelled as 
pseudo-CE type and has been described by Jirak et al. and Cox et al. .[26, 25] 
For these lower x composition the pseudo-CE phase can compete with other 
ground states. [25] Surprisingly, the wavevector of the charge and orbital order- 
ing remains at q CE — [1/4, 1/4, 0] although there is some incommensurability 
observed above Too .[70] For example in Pro. 7 Cao. 3 Mn 03 , the pseudo-CE state 
competes directly with a FM insulating phase, while application of a magnetic 
field results in the melting of the CE state in favor of a third FM metallic phase. 
[63] 



6.1 Charge and Orbital Ordering in Mn 4+ -rich 
Compositions ( x > 1/2) 

The accommodation of excess Mn 4+ within the CE frame work produces 
more complex structures: the formation of either stripes of alternating 
and CE-type ordering proposed by Mori et al ; [71] or the formation of the 
long range ordered Wigner-crystal phase (W-C) described by Radaelli et al 
and Fernandez-Diaz et al [72, 73] that includes the orbital frustration arising 
from deviations from the non-ideal Mn 3+ / Mn 4+ ratio. 

For Lai-^Ca^MnOs at near ratios of Mn 3+ / Mn 4+ such as 2:1 (x = 2/3) 
and 3:1 (x ~ 3/4), lattice imaging with high resolution transmission electron 
microscopy (HR-TEM) suggest the formation of stripe-like intergrowths of CE- 
type ordering separated by a stripes of Mn 4+ .[71] The variation in the size of 
the Mn 4+ - and CE-stripe depends on x and provides a mechanism to accom- 
modate J-T-active Mn 3+ ions doped into CaMn 03 lattice (fig. 1.13). These 
observations have been strongly disputed by neutron and synchrotron diffrac- 
tion measurements of Lai-^Ca^MnC^ (x = 2/3) where analysis of superlat- 
tice reflection suggests a long range C/O-ordered or so-called Wigner-crystal 
(W-C) phase. [72, 73] Here, analysis of the intensity of structural superlattice 
reflections with propagation vector q = (1/3, 0,0) (a tripling along a of the 
perovskite P nma cell) can be accounted for by a model were MrP + cations 
order in columns separated as far apart as possible in the ac-plane as allowed 
by x. This ordering results in transverse displacements of the Mn 4+ C>6 octa- 
hedra along the c direction. From the derived Mn-0 bond lengths the eg charge 
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Figure 1.13. A model of the orbital and charge ordering in Lai_ ;r Ca x Mn 03 , x — 2/3, 3/4 
determined from high resolution transmission electron microscopy imaging and electron diffrac- 
tion. Here CE-type ordering, recognized by the Mn 3+ - Mn 4+ - Mn 3+ chevron , is separated 
by stripes or blocks of Mn 4+ ions. The separation of the CE-type ordering is controlled by 
composition. After reference [71]. 



occupies the 3d^ z 2_ r 2 state with orbitals aligned either along [101] or [101] 
direction in separate columns parallel to the c-axis (see fig. 1.14). Frustration 
arises in this structure as the Mn 3+ - Mn 4+ - Mn 3+ linkages (as found in CE- 
type) are perturbed by the higher Mn 4+ concentration which unavoidably leads 
to Mn 4+ - Mn 4+ SE interactions. The resulting antiferromagnetic ordering 
(3 a x b x 2c of the P nma cell) responds to the C/O ordering by forming a canted 
structure where Mn 3+ - Mn 4+ coupling remains ferromagnetic while Mn 4+ - 
Mn 4+ spins are orthogonal to one another (see fig. 1.14). 

The continuous presence of long range charge and orbital ordering in many 
systems throughout this compositional region reflects the fact that one can form 
incommensurate hybrids of the commensurate x = 2/3 (2:1), 3/4 (3:1) and 
4/5 (4:1) W-C phases. This is most evident in TEM studies such as those on 
Smi-^Ca^MnOa [75] andThi-^Ca^MnOs, [76] that have revealed incommen- 
surate intermediate C/O ordered phases. Even the commensurate W-C phases 
at x = 2/3 and x = 3/4, however, are less stable than the CE-type phase at 
x = 1/2 because C/O-ordering is driven by the need to minimize unfavorable 
interactions among 3d^ z 2_ r 2 orbitals, and this is less successful at higher x. 
There are also successively fewer 3d e 9 electrons at x = 2/3 and x — 3/4 and 
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Figure 1.14. (Left) Models of Wigner-crystal charge, orbital and magnetic ordering for 
Ai_ x Ca x Mn 03 (A'= trivalent ion) samples with Mn 3+ : Mn 4+ ratios of (a) 2: 1 (x = 2/3), (b) 
3:1 ( x = 3/4) and (c) 4:1 ( x = 0.8). [74] (Right) Canted AFM structure of Lai-xCa^MnC^ , 
x — 2/3, refined from neutron powder diffraction data. After [72]. 



therefore less driving force. Consequently, I 'co drops rapidly as x increases, 
as in the Smi-^Ca^MnC^ and Pri_ x Ca x Mn 03 [31] systems. 

Long-range AFM-spin ordering from W-C type phases is not seen for x > 
2/3, due to the weaker and more confounded exchange pathways. As x in- 
creases and T co is reduced, the W-C phase competes at lower temperature 
with the unrelated C-type AFM state, which is typically stable at higher x val- 
ues. The C/O-ordered region ends at the point where T/v (C-type) = T co • 
This crossover region has been examined most closely in single crystals of Bi 
doped CaMn0 3 .[77, 74] 

6.2 Competing CE- and A* -type States in Bilayered 

Manganites 

In the bilayered manganites, CE-type charge and orbital ordering is observed 
only for x > 0.5. Over this region the CE-type phase competes directly with 
a A*-type insulating ground state. This competition is most clearly seen for 
the LaSr 2 Mn 207 , x = 0.5 bilayered manganite. Here, CE-type superlattice 
reflections at q CE = [1/4, 1/4, 0] are observed at T co — 210 K [20, 78, 21] 
while an A* -type phase is observed at Tv = 180 K. Both detailed single crystal 
diffraction and high-resolution X-ray diffraction (XRD) measurements show 
that while the intensity of the CE-type reflections increases with decreasing 
temperature, at T~T \ the intensity of these reflection begins to decrease again 
and they disappear below 100 K (fig. 1.15). The behavior of these CE-type 
reflections with temperature on warming the sample shows a strong hysteresis, 
suggesting a first-order transition in the melting of the CE-phase below Tjv . 
Such a hysteresis is not observed around T co , suggesting that this transition 
is essentially structural (or orbital) in nature. It is worth noting here that high 
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Figure 1. 15. Temperature dependence of the A* -type (111) magnetic reflection (upper panel), 
the resistivity (middle) and the CE (2.25, 1 .75,0) superlattice reflection (lower panel) from a single 
crystal of La 2 - 2 xSri+ 2 a;Mn 2 07 . All data measured on cooling except the CE reflection that 
was measured on cooling and then warming as indicated by arrows. Diffraction measurements 
were made using the neutron triple axis spectrometer IN22 at the Institut Laue-langevin. 



resolution XRD indicates that the A* -type phase grows at the expenses of the 
CE-type phase. This is inferred from the (0,0,10) reflection which occurs at 
slightly different diffraction angle due to the different c-axis lengths between 
these two phases. The measurements clearly show that the (0,0,10) reflection 
due to the higher temperature phase decreases in intensity while the (0,0,10) 
reflection due to the low temperature phase increases. 

The competition between CE- and A* -type phases in this layered system 
is resolved by phase separation, however, the real underlying cause of this 
instability is still not clearly understood. The resistivity of the materials clearly 
shows a peak over the temperature range where CE-type is stable (see fig. 
1.15), and decreases rapidly with the increase of the A* fraction. This possibly 
indicates that the e 9 charge carrier gains kinetic energy by forming in-plane 
ferromagnetic interactions and thereby destabilizes the CE-type phase. The 
competition between A*- and CE-type phases is observed for compositions up 
to x ~ 0.6 using neutron and x-ray diffraction. [21, 22, 36] 

The compositional dependence of the competition between A* - and CE-type 
states in layered manganites has recently been explored by Dho et cil. [79] 
using bulk property measurements. These authors provide evidence suggesting 
that melting of the CE-type ordering occurs for x 0.62. Recent neutron 
diffraction measurements on single crystals confirms a similar competition as 
high as x — 0.6, while in the range 0.62 < x < 0.68 no long-range ordering 
is found. Interestingly, stripe like charge ordering was recently observed in 
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layered Bio.44Ca2.56Mn207, ( x = 0.78) using electron diffraction, similar to 
that found in the Lai_ x Ca x Mn 03 system for x = 2/3.[80] 

7. Structure and Magnetism in Electron Doped 
Manganites 

The doping of electrons in insulating AFM G-type parent compounds such 
as CaMn 03 via substitution of trivalent cationic species for divalent cations 
introduces J-T active Mn 3+ ions in an essentially non J-T active Mn 4+ host 
lattice. In the lightly electron-doped regime, Mr? + ions can be thought as J-T 
defects or as truly isolated J-T polarons because they remain in concentration 
far below the threshold where correlations can arise as seen in the hole doped 
materials. Nonetheless, the effects of double exchange and J-T coupling to 
the lattice arising from light doping are quite significant. For example on 
doping 2-3 % La in CaMn 03 , Raman scattering has been able to detect dramatic 
reductions in the spin-phonon interactions and magnetic correlations. [81] For 
higher doping, T/v (G) is reduced steadily with increasing trivalent substitution 
and both short range and long range ferromagnetic interactions are observed 
(see below). These results indicate that the role of J-T active Mr? + , even in 
small amounts, leads to significant perturbations of the host lattice, highlighting 
the role of J-T interactions and double exchange even in the rich part of 
the phase diagram. 

7.1 Evidence for Ferromagnetism in Electron-Doped 
Antiferromagnetic CaMn0 3 

Recent physical property measurements have shown evidence of ferromag- 
netism in electron-doped CaMnQ 3 system for a variety of tri-cations including 
A=La [82], Bi [83], Eu [84], Ho [85] Pr [86] and Sm.[50] In general, low 
temperature magnetization and resistivity measurements show that a ferromag- 
netic moment develops with increasing electron-doping (x > 0.95) up to the 
phase boundary between G- and C-type AFM, beyond which point it steadily 
decreases again (see fig. 1.16). 

This ferromagnetism has been described and explained in a number of dif- 
ferent ways, often depending upon the experimental techniques employed. Be- 
cause the ferromagnetic moments involved are small and difficult to quantify 
from neutron powder diffraction (single crystals not being available in this 
region), diffraction studies have generally used a homogeneous FM canting 
model, being the simplest for the purposes of Rietveld-refinement.[85, 74] Phys- 
ical property studies, on the other hand, have generally concentrated on models 
in which the measured FM moment can be directly related to the number of 
available e g electrons per Mn site. These include polaronic models, in which an 
isolated Mn 3+ site in the G-AFM matrix interacts with its neighbors via double 
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Figure 1.16. Magnetic saturation moment M. sa t determined from M vs. H curves at T = 5 
K as a function of electron doping (1 — x) in Lai-xCa^MnOa , superimposed on the long- 
range ordered magnetic phases as revealed by NPD from selected samples (open squares). After 
reference [82]. 



exchange to give a 7-Mn FM polaron [82] and cluster models, [87] which in- 
volve larger double exchange ferromagnetic units and hence the possibility of 
a ferromagnetic cluster glass. [ 31] 

Despite being well established and regularly invoked in neutron diffraction 
studies in particular, contemporary theorists find the homogenous canting model 
originally proposed by de Gennes, [88] where delocalized e 9 density throughout 
the G-type AFM matrix adds a FM DE component, to be unstable for realistic 
SE coupling strengths. [35] Even those studies which find stable canted states 
[35] have concluded that symmetric (FM) canted G-AFM is not one of them. 
Possible evidence in support of that comes from the fact that FM magnetization 
is not seen in the large (ta) (notably A' = Sr) perovskites in this region. In these 
systems, straighter Mn-O-Mn angles facilitate the e 9 electron delocalization 
which is necessary for such DE, stabilizing both the A- AFM and C-AFM states 
relative to the small (ta) perovskites. A homogeneously canted state should 
therefore be similarly stabilized if it arises from DE among delocalized ^ 
electrons within the G-AFM matrix. The fact that this does not happen is 
qualitative support for a more complex local picture. 

Neumeier and Cohn [82] interpreted magnetic susceptibility data with a vari- 
ation on the model originally proposed by Goodenough, [ 1 3] in which light dop- 
ing leads to the formation of local ferrimagnetic (FIM) regions around Mrf + 
sites, with very small local FM regions {fpolarons ’) forming at higher doping 
levels by flipping the spin on an isolated Mr? + site within the AFM matrix. 
The calculations of Chen and Allen [89] supported this model at low electron- 
doping, although they found that it would be unstable relative to a FM metallic 
state below x ~ 0.955, still well inside the region where FM has been observed. 
At these higher doping levels, pure polaronic models also fail to account for 
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the spontaneous long-range FM moments seen by NPD for systems includ- 
ing Hoi_ x Ca x Mn03 [85], Smi_ x Ca x Mn03 [38], Bii_ x Ca x Mn03 [74] and 
Lai_ x Ca x Mn03 . A possible link between the polaronic and canting models 
may be provided by a ‘ cluster glass metallic ' state such as described by Martin 
and co-workers, [31] where the presence of ferromagnetism in lightly electron 
doped systems is explained in terms of the development of isolated FM regions 
leading to percolation at higher doping. 

Finally, some experimental evidence supports the existence of phase separ- 
ation into distinct ferromagnetic and antiferromagnetic regions. For example, 
Savosta etal. [86] investigated Pri_ x Ca x Mn03 (0.90 <x< 1.00) using NMR 
as a local probe and observed signals from 55 Mn nuclei with different local mag- 
netic susceptibilities, interpreted as phase separated FM and AFM domains. 
On the other hand, however, Granado et al. [81] investigated L^_ x Ca x MnC>3 
(0.95 < x < 1.00) using EPR and Raman, and found that light electron dop- 
ing causes significant changes in magnetic exchange coupling throughout the 
sample, suggesting that doped electrons act as mobile charge carriers through- 
out the AFM matrix rather than being localized into FM regions. 

Although theoretical investigations are simplified at very high x (very di- 
lute e g electrons), experimentally it has been more convenient to search for 
ferromagnetism at doping of x ~ 0.9 where the magnitude of the ferromagnet- 
ism peaks. [82] In the Lai_ x Ca x Mn03 system, this region also contains C-type 
antiferromagnetism, but there is strong evidence that ferromagnetism is ex- 
clusively associated with the high-symmetry (Pnraa) G-type phase rather than 
the low-symmetry (P2i/ra) C-type phase (see below). Specifically, polarized 
neutron scattering measurements for Lai_ x Ca x Mn03 , x = 0.91 below Tc 
= 110 K (fig. 1.17) show that the onset of ferromagnetism coincides with the 
development of a G-type antiferromagnetic moment. Here, there is clearly net 
ferromagnetism on large length scales within the Pnraa phase, the observation 
of ferromagnetic intensity in neutron powder diffraction [85, 38, 74, 86] indic- 
ating the presence of FM regions ^>10? A . These results for the very high-x 
region contrast with results for the very low-x region, where 17AFM polarons 
have actually been seen by neutron diffraction from a single crystal. [90] 

Having established the presence of long range ferromagnetism in 
Lai_ x Ca x Mn03 for x ~ 0.9, the larger phase diagram can now be visited. 
Physical properties measurements reveal that increasing La-doping in CaMnQ 
allows for the fast development of ferromagnetic interactions as shown by the 
increase in the magnetic saturation moment (fig. 1.16). [81] Neutron powder 
diffraction shows that this ferromagnetism becomes long range around x = 0.9; 
however, around the same region the G-type state competes directly with the 
C-type state and phase separation is observed, complicating the analysis of 
powder samples. The ferromagnetic component subsequently disappears in the 
purely C-type region, confirming its association with G-type. 
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Figure 1.17. Polarized neutron powder diffraction measurements showing spin flip (open 
markers) and non-spin flip (closed markers) intensities as a function of temperature at (a) the 
(220)/(022) nuclear peak and (b) a characteristic G-type antiferromagnetic Bragg peak. The 
change in flipping ratio at Tc is due to the development of a spontaneous ferromagnetic mo- 
ment. 
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Figure 1.18. Magnetic and crystallographic phase diagram of La 2 - 2 a;Sri + 2 xMn 207 . After 
reference [36]. 



7.2 Evidence of Ferromagnetism in Electron-Doped 
Layered Manganites 

In the bilayer La2_2xSri + 2 X Mn207 system, the x = 1 phase is a G-type 
antiferromagnetic insulator and La-doping into the Si3Mn207 lattice results in 
similar effects to those discussed above for the L^_ x Ca x Mn03 system. With 
La-doping Tyy decreases significantly (see fig. 1.18) while a C-type phase is 
found around x = 0.85. For intermediate values of x a mixed phase region 
between G- and C-type phases is found similar to the Lai_ x Ca x Mn03 system. 

There is a unique characteristic of the G-type AFM phase in the bilayered 
La2-2xSri + 2xMn207 system that helps to shed light on the relationship between 
orbital and spin ordering. In keeping with the tetragonal 14 /mmm symmetry, 
the spins in G-AFM at x = 1 are oriented along the unique c-axis.[91] As eg 
electrons are doped in (i.e. x < 1), neutron powder diffraction refinements 
show that the G-AFM spins undergo a long-range, coherent tilting into the ab- 
plane, as tracked by the angle 0 to the c-axis [36] (see fig. 1.19). (Note that 
although this should in principle require a symmetry lowering to orthorhombic, 
no measurable lattice distortion could be detected and the orientation of the spins 
within the afr-plane could not be determined.) This tilting strongly suggests 
that the e g electron density introduced as x decreases from 1 is located in the 
afr-plane, as it is for C-AFM and A-AFM in the layered system, for which 
the ordered spins also lie in the plane. Short-range FM DE correlations such 
as are seen above T^v (C-AFM), and which are constrained to lie in the ab- 
plane, would tend to orient the spins associated with them in the plane as well. 
Unfavorable interactions with the spins in the surrounding G-AFM matrix could 
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Figure 1.19. Evolution of G-type AFM spin orientation (0 = angle to z) at T = 20 K for 
La 2 - 2 ^Sri + 2 .xMn 207 . After reference [36]. 



then be minimized by tilting into the plane. This picture is consistent with the 
observation that the spins tilt back towards the c-axis when the orthorhombic 
phase begins to appear; the e 9 electron density is one-dimensionally localized 
into in long-range FM DE, reducing its effect on the surrounding G- AFM matrix. 
[36] 

7.3 Phase Separation and Stability of C-type Ordering 

For higher electron doping, G-type regimes in both perovskite and layered 
manganites give way to long range C-type antiferromagnetic ground states. 
The G-/C-type magnetic phase boundary is not sharp; there is a tendency for 
either phase separation into C- and G-type regions and/or the formation of FM 
component within the G-type AFM matrix. [92] The balance between these be- 
haviors is largely controlled by the tolerance factor as illustrated in the following 
examples at the 10 % electron-doping level. 

In Pro.iSro.gMnOa (large (va) ), the room temperature parent phase is cubic 
Pm3m, while some small amount of the sample contains a tetragonally distorted 
phase (~ 3 — 8 %) that increases in quantity with cooling. [38] Below 240 K this 
tetragonal distortion (space group I4/mcm) becomes more dominant, although 
the cubic phase is retained down to a temperature of ~ 200 K (see fig. 1.20). 
High resolution neutron diffraction suggests that at 10 K the sample consists of 
two I4/mcm tetragonally distorted phases with slightly different lattice para- 
meters corresponding to the G- and C-type antiferromagnetic states. For the 
C-type phase the tetragonal distortion is larger than for the G-type, allowing for 
the proper assignment of the spin ordering to each phase. The larger distortion 
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Figure 1.20. Temperature dependence of the crystallographic parameters of Pri_ x Sr r Mn 03 , 
x = 0.90: cell parameters (top), magnetic moments (middle) and phase fraction (bottom). After 
reference [38]. 



results from the stretch of the MnO^ and a rotation around the [001] axis. For 
the G-type phase, a similar stretch of lesser magnitude is found, but no evid- 
ence of an octahedral rotation. EDS analysis confirms the absence of detectable 
compositional inhomogeneity or low-temperature cationic disproportionation, 
instead pointing to a slow crystallographic phase transition. This mixed ground 
state appears to be an intrinsic feature of these materials. Nonetheless, the 
absence of a spontaneous ferromagnetic component to the G-type AFM phase 
is unsurprising given that it has the same symmetry as the C-type AFM phase, 
which could absorb e 9 electrons trapped in the G-type lattice. Indeed, a strong 
enhancement of the C-type volume fraction below 200 K accompanied by an 
increase of the G-type moment suggests that some e 9 charges are expelled from 
the G-type regions to stabilize C-type AFM in different parts of the sample. 

For larger (ta) the influence of Mn 3+ in the CaMnC >3 lattice not only devel- 
ops into mixed ground states close to the C- and G-type phase boundaries but 
also into stable long range FM states. For example in Pib.iCao.gMnOa, C-type 
ordering is found at 120 K and G-type ordering (with an FM component) at a 
slightly lower temperature of 110 K.[92, 38] For Sn^.iCao.gMnOs, no C-type 
ordering is observed at all, only G-type ordering at (G)= 130 K and FM 
ordering at Tc = 100 K.[38] In these two phases the larger (ta ) leads to a lower- 
ing of the room temperature symmetry from cubic to orthorhombic P nma. For 




Crystal and Magnetic Structure from Hole to Electron Doped Manganites 



35 



Pr 0 .iCao.9Mn03, the C-type phase has a monoclinic crystal structure (P2i/m), 
however, it is clear that the FM component is associated with G-type and resides 
in the orthorhombic phase fraction. For Sn*).iCao.9Mn03, the low temperat- 
ure structure does not change and both G-type and FM components reside 
within the same orthorhombic phase. It appears that the symmetry-lowering 
transition required for C-type AFM in these systems removes the possibility of 
charge-transfer of e 9 electrons trapped in the G-type lattice, which are instead 
accommodated by the development of a FM component. 

7.4 Separation of C-type Spin and Orbital Ordering in 
Layered Manganites 

An interesting aspect of the C-type AFM orbital polarization in the bilayer 
manganite La2-2xSri + 2 X Mn 2 07 is the observation that it first appears at a 
temperature To > T^r . At x = 0.80, although the bulk of the tetragonal- 
orthorhombic transition occurs at T^v , a significant fraction of the powder 
sample is orthorhombic well above .[36] A hysteresis on warming makes 
this more obvious (fig. 1.22). This is strong evidence that the SE interactions 
which create 1-D FM chains in C-type AFM appear at higher temperatures than 
the AFM interactions between them. Below To , these interactions act over 
sufficiently long range that the pseudo-2-D constraints of the bilayer phase force 
them to line up in parallel to minimize lattice strain, lowering the symmetry and 
allowing long-range e g orbital polarization. The fact that only a small fraction 
of the powder sample transforms at To , with the majority transforming at Tyy 
, reflects the fact that the thermodynamic incentive to overcome the kinetic en- 
ergy barrier (strain) associated with symmetry-lowering is very low above Tyy , 
where AFM interactions are not strong enough for long-range C-type AFM. The 
fact that the gap between To and T n (C-AFM) has been observed by powder 
diffraction methods in only this bilayer manganite is a direct consequence of 
the restricted degrees of freedom available in this pseudo-2-D system. How- 
ever, the result is consistent with single-crystal (inelastic neutron scattering) 
observations for Bii-^Ca^MnC^ at x = 0.82, probing short-range FM and 
AFM interactions. [69] In that case, below the symmetry-lowering transition 
To = 210 K, short-range FM correlations begin to disappear and short-range 
AFM correlations begin to appear above the onset of long-range C-AFM spin 
order at T^ . 

In the two-phase C-/G-type region around x = 0.90, the bilayer phase 
La2-2xSri + 2a;Mn207 again highlights some aspects of the relationship between 
orbital and magnetic order that are less evident in the 3-D perovskites. The gap 
between To ~ 250 K and T yy (C) = 110 K is clear, as for the C-AFM region, 
but there is also a clear gap between T/y (C) and T n (G) = 60 K, i.e. To > T/y 
(C) > Tyy (G) (fig. 1.18). Furthermore, while orbital ordering is irreversible, 
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Figure L2L Low-temperature (10 — 20 K) ordered A- type AFM, C-type AFM and G-type 
AFM moments of La 2 - 2 a;Sri+ 2 xMn 207 . After reference [36]. 



it appears that the C-type magnetic ordering is reversible. Below ~ 40 K, the 
C-type moment begins to decrease, indicating that G-type is colonizing C-type 
regions within the orthorhombic phase fraction (fig. 1.21). The existence of 
G-type within the orthorhombic phase fraction at low temperature is supported 
by the fact that the total observed G-type moment from the powder sample at 
10 K is too large to reside entirely in the tetragonal phase fraction. This col- 
onization directly illustrates the increased stability of AFM DE over FM SE at 
lower temperatures; ID FM below To is joined by 2D AFM below T tv (C), and 
finally replaced by 3D AFM below Ttv (G). 

Conclusion 

The simple juxtaposition of super- and double-exchange, and the influence 
of the Jahn-Teller coupling, in the mixed valent manganites leads to an enorm- 
ously rich and complex electronic, magnetic and structural phase diagram. The 
remarkable range of structural and magnetic properties were highlighted spe- 
cifically in this chapter. Among these interesting states, the charge and orbital 
ordering at half doping is most the intriguing phase that has been studied in the 
manganite renaissance of the 1990s. The stability of this state is quite strik- 
ing as discussed above and demonstrates the propensity of these manganites 
towards charge and orbital ordering. Indeed the driving forces towards that 
state is fundamental in explaining the properties of CMR materials. Our cur- 
rent understanding suggest that the coulombic interactions in the manganites 
act to keep doped charges as far away from each other as possible. This is cer- 
tainly demonstrated in the CE-type structure for x =0.5 and the W-C structure 
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Figure 1.22. Low-symmetry (14 /mmm) nuclear phase fraction vs. T for 

La 2 - 2 xSri+ 2 a; Mn 207 , x — 0.80, on cooling (open circles) and warming (closed 

circles). Corresponding C-type AFM moments (squares) are shown relative to the whole sample 
in (a) and normalized to the I4/mmm phase fraction in (b). After reference [36]. 
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at x=0.67. However in addition to Coulombic interactions, the strong Jahn- 
Teller coupling to the lattice provides additional support for the stability of C/O 
ordered states. Here the crystal strain generated by J-T distortions of the Mi? + 
ion are critical as described by Khomskii et al. [60] The accommodation of 
additional Mn 3+ ions into the CE-type structure for x <1/2 leads to inherent 
frustrations in the lattice that depending on the tolerance factor can lead to signi- 
ficantly different effects. For example in Pro yCao.aMnOa, a pseudo CE-phase 
competes directly with a FM phase, while for L^.yCao.aMnOa the CE-state 
appears as short range ordering that suppresses FM double-exchange and com- 
petes with it leading to a CMR effect. On the other hand the accommodation of 
additional Mn 4+ -ions ( x >1/2) into the ideal CE-type structure results in some 
cases to a great stability if the CE-phase, as seen in the bilayered manganites. 
However, in this part of the phase diagram the need to separate doped charge is 
reflected in the W-C. type phase or even striped phase segregation as discussed 
by Mori et al. [71] For higher doping the weakening of double exchange does 
not lead to metallic phases, but the impact of doped -ions is evident in 
the local ferromagnetic or canted antiferromagnetic states at x ~0.9 and the ID 
ferromagnetic interactions in C-type ordering x ~0.8. 

Current theoretical models treat the juxtaposition of double exchange and 
Jahn-Teller electron-phonon coupling via mean field models and have been 
able to predict the key parameters that have shown to be important in the man- 
ganites (for example the use of dynamical mean field methods by Millis et al 
[4]). However to answer questions regarding the precise mechanism for the 
tendency towards C/O ordering better theoretical tools are needed to model 
recent experimental evidence. In particular the evidence for low energy dy- 
namic polaron correlations above T* together with evidence for optic phonon 
dampening above Tc [65] suggest that the driving mechanism for C/O ordering 
is quite complex. Recent theoretical modeling using Monte-Carlo techniques 
(for example see Burgy et al. [42]) have been able to generate some features of 
the manganite systems such as short range correlations and their onset at T . 
These more recent results highlight that there is a largely unexplored regime in 
the structure and dynamics of manganites at T>T t: that may provide useful in- 
formation to explain the behavior of these oxides. Within this regime, polarons 
truly become dynamic and the exact electron-phonon coupling mechanism may 
be more evident. To this end more work is need both theoretically and experi- 
mentally to uncover the driving forces behind the charge-lattice-spin coupling 
in these fascinating materials. 
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APPROACH TO THE METAL-INSULATOR 
TRANSITION IN MANGANITES: A NEUTRON 
SCATTERING STUDY 

F. Moussa and M. Hennion 

Laboratoire Leon Brillouin, CEA-CNRS, CE Saclay, 91191 Gifsur Yvette Cedex, France 



Abstract We present the evolution of the static and dynamic spin correlations in 
La\- x Ca x MnOz and La\- x Sr x Mn 03 compounds ( xca < 0.20, xsr < 
0.125), studied by neutron scattering. We show that these systems evolve, at low 
temperature, from a canted antiferromagnetic state (CAF) towards an insulating 
ferromagnetic state (FI), approaching the metallic transition ( xc a =0.22 and 
x Sr — 0.17). For xca and xs r < 0.125, we observe magnetic elastic diffuse 
scattering characteristic of a charge segregation, with interacting ferromagnetic 
(F), hole-rich platelets imbedded in a hole-poor matrix. Inelastic scattering re- 
veals two spin wave branches related respectively to the dynamics of the two 
coupled magnetic media. One, which indicates an anisotropic superexchange 
coupling, is mainly related to the hole-poor matrix, while the other one, which 
indicates a ferromagnetic coupling, is mainly related to the (F) platelets, showing 
the same q-dependent intensity, xca = 0.125 is a limit case where the (CAF) 
state and the diffuse scattering disappear. In the compounds with xc a = 0.20 
and xsr = 0.125, an intriguing insulating and ferromagnetic (FI) phase occurs 
at low temperature. The superstructure Bragg peaks at qo = (0, 0, 0.5) ortho, 
typical of this (FI) state, appear together with an unusual spin dynamics. At low 
q-values, (q < qo), the spin waves are characteristic of long range ferromag- 
netic coupling. At qo, a gap opens in the spin wave branch. There and beyond 
qo, up to the zone boundary, the energy-values of the magnetic excitations lock 
successively on the transverse acoustic, longitudinal acoustic and finally on the 
longitudinal optic phonon modes. This study reveals an unusual phonon-magnon 
coupling. 



1. Introduction 

The doped rare earth manganites La\- x A x MnO 3 (A : Ca, Sr,..) have now 
been studied for several decades[l, 2] (for a review, see for instance Ramirez 
[3]). There has been a renewed interest in these systems since the discovery that 
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many of them exhibit colossal magnetoresistance and recently a new consensus 
has emerged about the importance of the inhomogeneous character of these 
systems. In particular, around xc' a =0.3 where magnetoresistance effects are 
the largest, neutron scattering experiments have shown the existence of mag- 
netic inhomogeneities around the critical ferromagnetic transition^, 5]. Their 
microscopic nature which may involve magnetic, charge, lattice and orbital 
degrees of freedom[6], their static or dynamical character and the main forces 
responsible for them, are still a well-debated issue. The lower doping regime is 
also the subject of a great interest, both theoretically and experimentally. There, 
precursor effects can be expected which can help to gain insight into the Die of 
the physical parameters even at larger doping. Therefore, the study of the evol- 
ution of the microscopic properties, step by step, from the antiferromagnetic 
LaMnC >3 towards the ferromagnetic state, before the percolation for transport 
properties, is very attractive. 

There, two concentrations regimes have to be distinguished, the canted state 
and the ferromagnetic and insulating state. At low doping , the nature of the low 
temperature ground state is still questioned. According to the mean field theory 
of de Gennes[7], who has extended the Mn pair model of double-exchange of 
Zener [8], the magnetic ground state corresponds to an homogeneous canted 
antiferromagnetic state (CAF). However, numerous theoretical developments 
predict an inhomogeneous state, described in terms of phase separation, consist- 
ing in hole-rich ferromagnetic domains and hole-poor antiferromagnetic ones 
[9, 10, 11, 12, 13, 14]. 

Beyond this canted state , a very intriguing ferromagnetic and insulating state is 
observed for both Ca and Sr doping. Experimental studies have been specially 
devoted to the case of x^y ^0.125 [15, 16, 17, 18], indicating the occurrence 
of magnetic and structural anomalies at some temperature below the ferro- 
magnetic transition where the resistivity shows an uptum[19]. This insulating 
ferromagnetic state, in particular the origin of the typical superstructure is not 
yet understood. It has been interpreted in terms of polaron ordering[15, 16], or 
of a new orbital ordering [18]. Whatever the picture, these observations show 
that the double-exchange alone, which predicts a ferromagnetic and metallic 
state, is insufficient to explain these properties [20, 21]. In particular, electron- 
phonon coupling has been proposed to interpret this peculiar magnetic state 
[ 22 ]. 

Neutron scattering is a very powerful technique to describe, at an atomic 
scale, the structural and magnetic properties of such systems. Three types of 
measurements are considered here: i) magnetic Bragg peaks from which long 
range ordering of spin components is deduced, ii) diffuse scattering in the q- 
range between Bragg peaks which informs about any deviation from this long 
range ordering, (inhomogeneities of magnetic or chemical origin, on the scale 
of some A to some tens of A) and iii) inelastic scattering which determines the 
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nature of the coupling forces. 

We have studied for several years the systems Lai_ x Ca x Mn0 3 with 0<xc a <0.2 
[23, 24, 25, 26, 27, 47] and Lai_ x Sr x Mn0 3 , with x=0.06, 0.09, 0.125[28, 29, 
30]. We report here a general survey of this concentration range where the 
system, still an insulator, approaches the metallic state. The main results can 
be summarized as follows. 

In the lower doping range , xc a -0.05, 0.08, 0.1 and xs r =0.06, 0.09, several 
features have been established, i) Bragg peaks, at low temperature, indicate a 
mean antiferromagnetic state (CAF). ii) Diffuse scattering is observed, charac- 
teristic of ferromagnetic platelets with a typical size, distributed in a liquid-like 
order. These inhomogeneities have been attributed to hole-rich regions embed- 
ded in an hole-poor medium, iii) The spin dynamics study reveal two distinct 
spin wave branches, with anisotropic and isotropic q dispersions, which reflect 
respectively the homogeneous and inhomogeneous features of this magnetic 
state. The high energy anisotropic dispersed branch can be interpreted, as in 
the pure LaMn0 3 , with A-type layered structure, by using two superexchange 
couplings between nearest neighbors. The low energy dispersed branch, which 
has been discovered in all the doped samples, exhibits the same q-dependent in- 
tensity as that observed for the diffuse scattering. This reveals its direct relation 
with the ferromagnetic inhomogeneities. 

At higher doping , for xc a =0.125, 0.2 and xs r =0.125, Bragg peaks charac- 
terize a ferromagnetic (F) state. The evolution of the diffuse scattering with 
x, where magnetic intensity is observed on a smaller q range, suggests a per- 
colation of the platelets. The xc a =0.125 case, where one observes some dy- 
namical features common to xc a = 0.1 (CAF state) and 0.2 (F state) appears as 
a limit concentration case. In the xs r =l/8 and xc a =0.2 compounds, where a 
new magneto- structural transition is observed below Tq, similar in both com- 
pounds, the spin dynamics exhibit very unusual features . At low q , the spin 
wave dispersion is essentially parabolic, characteristic of an usual ferromagnetic 
system with a small gap. At large q , the dispersion appears broken into several 
parts. Thanks to measurements of phonons in several Brillouin zones and at 
different temperatures, these anomalous features are explained by the locking 
of magnetic excitations on the transverse acoustic phonon energy (TA), then on 
the longitudinal acoustic one (LA) and finally on the longitudinal optical one 
(LO), as q increases up to the zone boundary. These magnetic excitations are 
characteristic of a peculiar phonon-magnon coupling.This locking of magnons 
on phonon energy values is reminiscent of that reported in the metallic phase 
[31]. The originality, here, arises from the dispersed character of the involved 
acoustic phonon branches. In addition, this coupling may be at the origin of 
a gap which opens at low temperature concomitantly with the occurrence of 
superstructure peaks. 

The chapter is organized as follows. Experimental details are given below, in 
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this introduction. The structural and magnetic phase diagram is presented in 
section 2. Diffuse scattering experiments are reported in section 3. Spin dy- 
namics is described in section 4 and, finally, section 5 is devoted to a general 
discussion. 

Single crystals of Lai_ x Ca x MnOa, 0<xc a <0.1, and Lai_ x Sr x Mn 03 , 
xs r =0.06, 0.09 and 0. 125 were grown by a floating zone method with an image 
furnace at the Laboratoire de Physico-Chimie de l’Etat Solide in Orsay, France, 
with a volume of about 0.4 cm 3 . Samples with 0. 1 25 <xc a <0.2, were grown by 
the same method at the MISIS Institute of Moscou, with similar volumes. The 
mosaicity of these samples is small: 0.6° for the x = 0.1, 0.125, 0.17, 0.2 doped 
compounds, respectively. The Ca concentration has been checked by compar- 
ing the lattice parameters with the previous determination of Matsumoto[32], 
and, for xc a = 0.125 and xc a = 0.17, by performing surface microscopy. A 
good agreement is also found with the phase diagram of Cheong, published in 
[33], except for the sample with nominal concentration xc a = 0.2, which would 
rather correspond to xc a = 0.19. Nevertheless, in the following we keep the 
nominal value x^ a =0.2. All our samples are twinned in three space directions, 
except for x^ r =0.06, which is twin-free. For all concentrations, except xc a = 0.2, 
the orthorhombicity is large enough to allow the resolution of the Bragg peaks 
corresponding to different domains. 

Neutron scattering experiments were performed on several triple axis spec- 
trometers installed either on thermal or cold neutron source at the Orphee reactor 
of Laboratoire Leon Brillouin (IT, 4F1, 4F2, G43) and at the reactor of Institut 
Laue-Langevin (IN14). Elastic spectra have been obtained using a wave vector 
of ki = kf = 1.55 A -1 associated with a Beryllium filter and tight 10’-10’ 
collimations. Energy spectra were measured using various fixed outgoing wave 
vectors kf (from 2.662 to 1.05 A -1 ) and pyrolytic graphite or beryllium as fil- 
ter. The samples were oriented with an horizontal (001,110) scattering plane, 
defined in Pbnm symmetry (c/\/ 2 < a < b) except the x = 0.2 single crystal, 
where the scattering plane contained the three main symmetry directions. In 
all the chapter, the three components of the wavevectors have been referred as 
(hkl) or (h,k,l) without distinction. 

2 . Structural and Magnetic Phase Diagram of 

La1_3.Caa.MnO3, 0 < x < 0.22 

Structural and magnetic transition temperatures have been determined from 
Bragg peak intensities using elastic neutron scattering[27]. 
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Figure 2.1. (T,x) phase diagram of Lai_ x Ca x Mn 03 , determined by neutron scattering meas- 

urements on single crystals. 



2.1 Structural transition 

In Fig. 2.1, the structural and magnetic phase diagram of the Ca substi- 
tuted compounds is displayed. The solid line through the filled squares can 
be identified as the Jahn-Teller transition temperature Too'- There, the sys- 
tem evolves from a pseudo-cubic phase with a dynamical Jahn-Teller effect to 
an orthorhombic Pbnm phase {c/s / 2 < a < b) with a cooperative and static 
Jahn-Teller effect. We observe a strong decrease of the structural transition 
temperature from T 00 > = 750 K in pure LaMnC >3 [34] to Tqo’ — 200 K at 
x = 0.2. For xoa<0-2, the experimental q-resolution allows a determina- 
tion of the cell parameters in the orthorhombic phase, as shown in Fig. 2.2-a 
and Fig. 2.2-b for xca = 0.1 and xc a = 0.125, respectively. For xc a = 0.2, the 
Bragg peaks are not resolved whatever the temperature. Therefore, Toq/= 200K 
has been determined from the increase of the q linewidth of the Bragg peak . 

At X( 7 a > 0.125, a further decrease of the orthorhombicity is observed be- 
low 100 K (see Fig. 2.2-b), indicating a re-entrance for the high-temperature 
pseudo-cubic phase, variation. Very interestingly, a similar anomaly has been 
observed in Sr-doped samples [17, 35, 36, 37]. In L^.875S r o.i25Mn03, where 
this temperature is called T o f o” > this variation has been shown to correspond 
to a rapid change in two of the three Mn-O distances[17], becoming nearly 
equal. Moreover, in Sr-doped compounds, new Bragg reflections occur below 
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Figure 2.2. Cell parameters versus temperature (a) x = 0.1 and (b) xca — 0.125. (a,b) eq is 
deduced from the (110) Bragg peak position and defined by (a, b) eq = y/2/ 1/a 2 + 1/b 2 . 
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Figure 2.3. Temperature variation of the intensity of (a) the (001) Bragg peak defining T/v 
(130K) , and (b, c) the (112) Bragg peak defining T k - (124K) in the x,s r =0.06 sample. In (d), 
the drawing represents the average magnetic structure. 



T=T o'O”. namely at (h,h,2£+l) which are forbidden in Phnm symmetry and 
at (h,h,£+ 0.5)[15, 17, 35]. In the case of xc a = 0.2, nuclear (h,h, 2£+l) peaks 
are actually detected in the whole studied temperature range (10K<T<300K) 
without any temperature anomaly. 

2.2 Magnetic structure 

LaMnC >3 undergoes an antiferromagnetic transition at Tat=139K[23]. The 
magnetic structure consists of ferromagnetic sheets within (a, b) plane, stacked 
antiferromagnetically along c axis. The spins are aligned along b axis. 

In Sr or Ca substituted compounds two magnetic transitions are observed. As 
examples, selected plots of intensity of Bragg peaks versus temperature for com- 
pounds with xsy=0.06, xca= 0.1, 0.125, and 0.2 are presented. In the xs r =0.06 
case, the r=(001) Bragg peak intensity determines a long range antiferromag- 
netic order below Tyv=130K (see Fig. 2.3-a). The evolution of the r=( 1 12) 
Bragg peak intensity, very sensitive to the occurrence of ferromagnetism be- 
cause of its small nuclear intensity, determines a long range ferromagnetic order 
at Tx=124 K, smaller than T^ (see Fig. 2.3-b,c). The absence of any mag- 
netic component below T k in the (002) Bragg peak intensity, indicates that the 
ferromagnetic spin component is along [001] (geometrical factor). Therefore 
an average canted state is defined below T k, which consists of ferromagnetic 
layers in the (a, b) plane, antiferromagnetically stacked along c, and with a 
weak ferromagnetic spin component along c as sketched in Fig. 2. 3-d. 
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The two transition temperatures agree with the phase diagram of Ca-doped 
samples being between those found for xc a =0.05 and xc a =0.08, reported in 
Fig. 2.1. However, an interesting difference between the two systems appears 
for the spin deviation or canting angle 9 deduced from the weak ferromagnetic 
component. From the (112) Bragg peak intensity, an average deviation angle 
9 from b towards c of 13° is determined at T=15K. This value is the same as 
that found for xc^O.08, and much larger than the value, 0=fp, determined for 
x Ca =0.05. Therefore, the increase of the canting angle 9 , upon increasing x, is 
faster for a Sr substitution than for a Ca one. 

At xca — 0.1, a ferromagnetic transition occurs at Tc = 138 K, and an 
antiferromagnetic ordering of spin components occurs at Tca = 112 K. In 
the magnetic phase diagram T^ and T c lines intersect near xo a =0.08, so 
that, the doping rate xc a = 0.1 corresponds to the first studied concentration 
value where Tc>^ca- This succession of phases has been predicted by 
de Gennes[7], for some value of the parameters of the mean field model. 
Interestingly, in the xc a = 0.1 case, the direction of the ferromagnetic spin 
component shows a complex evolution with temperature, reflected in the r= 
(001), (002), (020) and (200) Bragg peak intensities reported in Fig. 2.4-a, 
2.4-b, 2.4-c respectively. In the neutron cross-section, the geometrical factor 
implies that only spin components perpendicular to Q can contribute to the 
scattered intensity. Therefore, between Tc and Tca, the observation of a 
constant intensity for the (020) Bragg peak (Fig. 2.4-c) indicates that spins 
are aligned along the b axis. At T ca, Rietveld refinements indicate that 
an antiferromagnetic component develops also along b, keeping the Ay type 
structure found for x < 0.1. The concomitant decrease of the (002) Bragg peak 
intensity (Fig. 2.4-b) reflects a rotation of the ferromagnetic spin component 
from b to c axis, as antiferromagnetism develops. Therefore, for xc a = 0.1, 
at low temperature, the mean spin components deduced from Bragg peaks 
consist in an antiferromagnetic component along the b axis, a ferromagnetic 
one along the c axis, and another small ferromagnetic component along the 
a axis. From this spin configuration we define a mean canting angle (angle 
between the spin direction and the direction b of the antiferromagnetism) equal 
to 9 C = arccos(sin#sin</)) = 61.5° ± 5°. The concentration dependence of 
the canting angle 9 C deduced from observations in the 0<xc a <0.1 range is 
shown in Fig. 2.5. A strong jump of 9 C is observed between xc a =0.08 and 
0.1. This abrupt increase of the ferromagnetic component is correlated with 
its rotation in the (c,a) plane. This fast evolution beyond *c a =0.08, departs 
from the smooth cosine law predicted by de Gennes [7]. 

At xca = 0.125, Tc = 150 K. Below 110K, a very small increase of the 
(0,0,2£+l) Bragg peaks indicates the occurrence of a small antiferromagnetic 
spin components or a residual canting in this sample. Resistivity measurements 
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Figure 2.4. Lao.gCao.i MnOa. Integrated intensities versus temperature (a) of (001) (b) (002) 
and c) (020) (filled circles) and (200) (open circles) Bragg peaks. 
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Figure 2.6. Lao.875Cao.i2sMn03. Integrated intensities of (110), (1 12) and (002) Bragg re- 
flections versus temperature. 

performed on this sample, indicate a small decrease just below I c, with an 
upturn below 1 10K where this compound becomes insulating [3 8]. Finally, we 
mention an anomalous increase in the temperature variation of some magnetic 
Bragg peaks at the temperature 75K (see the (112) Bragg intensity in 
Fig. 2.6), concomitant with the decrease of orthorhombicity described above 
(cf Fig. 2.2-b). 

At xca — 0.2, Tc is determined at 180 K (Fig. 2.7). No increase of intensity is 
detected in the temperature variation of the odd-integer (0,0,2£+l) Bragg peaks, 
constant at all temperatures, so that this compound is fully ferromagnetic. As 
for xca =0.125, the resistivity exhibits a downturn at Tc and it still increases at 
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Figure 2.7. Lao.sCao^MnOa. Integrated intensity of (1 10) or (002) Bragg peaks versus tem- 
perature. At 75K, an anomalous increases located the T b transition. At 50K, the various points 
roughly determines two distinct values, observed as a function of time (see the text). 



lower temperature[38]. This very interesting feature will be discussed below 
in section 3, with the study of the spin dynamics. As found for xc a — 0.125, a 
marked increase of some nuclear and ferromagnetic Bragg peak intensity, (110) 
or (002) which are unresolved here, is also observed at lower temperature, below 
T#=75K (see Fig. 2.7). Preliminary measurements at xc a = 0.17, where the 
resolution is sufficient to detect the structural transition at T#= 1 00K, also reveal 
a similar anomaly. At 50K, measurements of the Bragg peak (002) have been 
repeated during several hours. The intensity of the peak and its position are 
found to fluctuate between two close points (Fig. 2.7). This behavior is typical 
of an instability or a metastability with both magnetic and structural character. 
The limit of the insulator-metal transition at T^ is located at xc a ^0.22 by a 
hatched area in Fig. 2. 1 , namely at a larger concentration than the Sr substituted 
compounds where this transition occurs at xsy=0.17. 

In conclusion , a transition line Tb (x) is defined for xc a >0. 1 in the Ca phase 
diagram as reported in Fig. 2.1. It corresponds to a "re-entrant" structural 
transition where the orthorhombicity is reduced. This line is qualitatively sim- 
ilar to that reported by Cheong from resistivity measurements[33], and also 
that observed in Sr-substituted samples[39] around ^=0.125, except that the 
corresponding temperatures are larger in this latter case. 

3. Diffuse Scattering 

It is worth-noting that the Bragg peak intensities define an average magnet- 
ization rfi but do not inform about its homogeneous or inhomogeneous charac- 
ter. The inhomogeneities contribute to diffuse scattering between Bragg peaks 
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which is studied below, close to the central Brillouin zone (3.1), and around 
ferromagnetic Bragg peaks (3.2), specially in the case of the untwinned single 
crystal Lai_ x Sr x Mn 03 , with x,sy=0.06[28]. 

3.1 Ferromagnetic short-range order studied close to 
r=(000) for Sr and Ca doped compounds 

The most accurate informations have been driven from the study of the single 
crystal xsy=0.06 sample, due to the fact that it is untwinned. 

3.1.1 Experiment. Elastic scattering experiments have been performed 
on a triple axis spectrometer in the range O.lA -1 < q < 0.6A -1 , and in the 
temperature range 15 K <T< 300 K along [110], [112] and [001] directions 
using an incident wave vector lq = 1.25A -1 . The magnetic intensity I(q) was 
obtained by subtracting the high temperature spectrum, t/T(q)> found to be 
isotropic and temperature independent for T>T#, from the spectrum measured 
at 15K. Such a subtraction procedure assumes that I//r(q) has a nuclear origin 
assigned to dislocations. Actually a residual scattering intensity above T k can 
be observed close to t =(1 10) where dislocations do not contribute (sub-section 
B). Since it is very small, the subtraction procedure is valid. I(q) was converted 
in bams per Mn using a Vanadium standard, and is reported in Fig. 2.8-a for q 
along [110] and [112] and in Fig. 2.8-b along [001]. In both [110] and [112] 
directions, a modulation is observed around q = 0.2A -1 , differing in intensity. 
The weak maximum observed at larger q along [110], since not observed close 
to the equivalent symmetry point (1 10), is likely a spurious effect. The magnetic 
contribution observed along [001], is nearly zero around 0.24 -1 , and increases 
slightly with q (Fig. 2.8-b), because of the proximity of the antiferromagnetic 
Bragg peak. 

3.1.2 Analysis. The basic assumption for the analysis is that the scat- 
tering intensity results from the contribution of longitudinal spin components 
S z along [001] as sketched in Fig. 2.8-c. In addition, we assume that the 
characteristics of the magnetic inhomogeneities (shape, distance) are the same 
whatever the direction (isotropic model). Our untwinned sample provides the 
opportunity to check these two assumptions. By analogy with the chemical 
problem where the nuclear scattering length fy replaces S z , the Fourier trans- 
form J(Q) of the correlations of S z spin components may be written: 

Z(Q)°c££=i (5^)VQ(R.-R,) + Y,f, j= i[S Z i ± Sf - 5il2] e iQ(Ri-Ri) 

Here, the symbol _L means the projection of S z in the plane perpendicular 
to Q. The first term gives rise to the ferromagnetic Bragg peaks and the second 
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Figure 2.8. Lao^SromMuO^. Elastic magnetic scattering Iisk-Iht versus q in barns per 
Mn (left hand scale) and neutron counts (right hand scale): (a) along [110] and [ 1 1 2] q directions 
and (b) along [001] q direction. The lines are guides to the eye. (c): schematic representation 
of a modulation of longitudinal components S 2 . 
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one to ferromagnetic diffuse scattering. The bar stands for spatial average. The 
thermal average has been omitted. In the present case, Q=q, since r=(000). 
By approximating the inhomogeneous character of the magnetization to a step 
function characterized by two magnetization values (see Fig. 2.8-c), and repla- 
cing the discrete spin S$ by the continuous magnetization density rr^-(r), the 
second term may be factorized into two functions F(q, R ) and J (q, dm , 4m): 

I{q) = CT 2 (Q)\F(q,R)\ 2 J(q,d m ,d min ) (2.1) 

where F(q, R ) is the Fourier transform of one cluster assimilated to a sphere 
of radius i?, and J(q) describes the cluster spatial distribution[40]. Its full 
expression which uses the average inter-cluster distance dm and a minimal 
distance of approach d m * n , has been previously given[25]. F(Q) is the Mn 
magnetic form factor. Close to r=(000), ^(Q) « 1. From equation (1), mainly 
two length scales are derived: (i) the typical size of the inhomogeneity R is 
mainly deduced from the q dependence beyond the maximum of I(q), since J ( q ) 
in ( 1 ) tends asymptotically to unity, (ii) the characteristic distance between the 
inhomogeneities, dm , (or equivalently, the inverse of the density A^ 1 ), deduced 
from the liquid-like distribution function J(g, , d m in ) in ( 1 ). An approximate 
determination can also be made from q ma x (q at maximum of intensity) with 
d m =27r/q max . These two parameters are included in the scale factor C of 
( 1 ), C — ( 7 ro) 2 | Am z - L \ 2 NyN 2 , ( 7 , ro being constants for neutron scattering). 
The only free parameter when fitting is the squared magnetic contrast | An? 1 1 2 , 
given by the difference of the magnetizations between the two regions (sketched 
in Fig. 2.8-c). In this model, the intensity is very sensitive to the size ( R enters 
at the power 6 in the constant C for a spherical shape through the squared 
volume V 2 ). The anisotropy of I(q) is mainly due to the geometrical factor, 
I(q) decreasing by « 1/2 from [ 110 ] (perpendicular to c) to [ 1 12 ], down to zero 
along [ 001 ]. 

Comparison of these predictions with observations of Fig. 2.8-a and Fig. 
2.8-b, leads to the following conclusions. The striking result is the absence of 
any intensity in the range 0.1 < q < O.2A -1 along [ 001 ]. This confirms the 
assignment of this magnetic scattering to S? spin components. The increasing 
intensity at larger q indicates short-range antiferromagnetic correlations (the 
AF Bragg peak (001) is located at q — 0.83A -1 in Fig. 2.8). Along [ 1 10] and 
[ 1 12 ], the scattering intensities do not only differ by a simple geometrical factor, 
but also by some anisotropy in their q dependence. The slower q-dependence 
of I(q) beyond the maximum, for q along [ 112 ] indicates a smaller size along 
the [112] direction (at « 45° from c) suggesting a still smaller size along the 
[001] direction. Diffuse scattering experiments close to r=(110) reported in 
section 3.2 will confirm and will characterize this anisotropy. 

In the absence of any anisotropic model, a semi-quantitative description can 
be made, using the equation (1) to fit I(q) along the [110] direction only. The fit 
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Figure 2.9. Magnetic scattering intensity versus q//[l 10], in bams/Mn at T=15 K. Full circles: 
x iSr =0.06, open circles: xca=0.08 and open diamonds: xc tt =0.05. The continuous, dot-dashed 
and dashed lines are fits with the model (see the text). 



(continuous line in Fig. 2.8-a) provides a correlation length 2R = / & 17 A 

and a density of clusters N y which corresponds to an inter-cluster distance 
which is twice the diameter value 36 A). 

The same experiments have been performed on Lai_ x Ca x Mn 03 compounds 
[25, 27]. For the xc a =0.05 and xc^O.08 samples, the observations are very 
similar to those of the xsv^O.06 one. In Fig. 2.9, 1(q) for xsy=0.06 is compared 
with I(q) for xc a =0.08 and xc a =0.05, in absolute units, for q along the [110] 
direction and at T=15K. 

Considering first the two Ca-substituted samples, the analysis (dashed and 
dot-dashed lines) shows the growth of the clusters with xc a from « 14 A to 
« 17 A as xca varies from 0.05 to 0.08. In addition, there is a small shift of 
qmax with xc a , interpreted as an increase of the cluster density. The increase 
of the intensity by a factor two nearly agrees with equation (1). Interestingly, 
when comparing the xs r =0.06 sample to the two Ca-substituted ones, the max- 
imum intensity of I(q) (^ 2 barns/Mn) and the q dependence beyond q nax 
nearly coincide with the values of the xc^O.08 case. Within the above model 
(continuous and dot-dashed lines), it indicates that the cluster size is the same in 
the two samples. We note a small shift of the q max value between both samples, 
which could indicate a slightly smaller cluster density in the *& r =0.06 sample. 

It results from the analysis of these three samples, that the intensity seems to 
be mainly determined by the size of the clusters, in agreement with the model 
given by equation (1). This also indicates that the magnetic contrast value is 
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Figure 2. 10. Magnetic scattering observed at small angle in Lai -^Ca^MnC^ (a) for x = 0.05 
and 0.08 and (b) for x = 0.1 and 0.125. 



similar in the three samples. The value deduced from the scale factor C in (1), 
\Am zA -\tt0JfiB is surprisingly small. This could result from an overestimate 
of the volume due to the shape anisotropy, the [110] direction corresponding to 
the largest size. Moreover, a slow decrease of the magnetization starting from 
the core of the magnetic polaron, as sketched in Fig. 2.8-c, is more realistic 
than the step function of the present model. We indicate that NMR experiments 
under an applied field which propose a picture of small ferromagnetic domains 
very similar to the present one, suggest that some spins are fully ferromagnetic 
[41]. 

In conclusion of the above analysis, the size of the cluster, at a given x, 
depends on the chemical dopant, being larger for Sr than for Ca. This outlines 
the role of the hopping probability "t M , regulated by the mean Mn-O-Mn bond 
angle. 

A change in the shape of the diffuse scattering occurs for ^>0.08, which can 
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be correlated with the abrupt increase observed in the variation of the canting 
angle, #(c)(x) reported in Fig. 2.5. This is described now. 

At xca-0.1 (see Fig. 2.10-b), an additional scattering intensity is observed 
indicating new ferromagnetic correlations on a scale larger than the intercluster 
distance. Therefore, the evolution between xc a — 0.08 (also reported in Fig. 
2. 10-a for comparison) and xc a = 0.1, can be characterized in terms of coales- 
cence of clusters, rather than in terms of a size variation, as for the evolution 
between xc a = 0.05 and 0.08. 

Atxca — 0.125, the modulation of I(q) has disappeared. Instead, I(q) shows 
a strongly increasing intensity at very small q, whereas a flat q-dependence 
persists at large q (see Fig. 2.10-b). This signal cannot be characterized fur- 
ther. This evolution is likely related to the occurrence of the percolation of the 
ferromagnetic inhomogeneities, as discussed in the spin dynamics study. 

At xca = 0.2, we have observed a diffuse scattering of nuclear origin around 
(0.25, 2.25, 0) cu & and equivalent points in reciprocal space in the cubic indexa- 
tion. This is in perfect agreement with previous observations reported in Ca- 
doped samples[42]. Since this nuclear diffuse scattering interpreted in terms 
of short-range polaron ordering along the [1 10]^ direction cannot be related 
to the spin correlations described above (static) and below (dynamic), it is not 
described further. 

3.2 Ferromagnetic short-range order studied close to 
t=(110) in the untwinned x Sr =0.06 sample. 

Because of the geometrical factor, the spin correlations along the direction of 
the magnetization cannot be measured at the central Brillouin zone. Therefore, 
diffuse scattering has been further characterized around a ferromagnetic Bragg 
peak. 

Diffuse scattering intensity has been measured close to t=( 1 10) for main sym- 
metry directions and as a function of temperature, using the incident neutron 
wavevector k*=l .55A -1 . In Fig. 2. 1 1 a-c, raw data are reported as a function of 
q in A -1 , for q//[l 10] (a), q//[001] (b) and q//[ 112] (c) at several temperatures. 
Here q is defined with respect to the (110) Bragg peak. Along [1 10], a modu- 
lation of I(q) appears very well-defined at 16K. It agrees with the observations 
reported close to r=(000) (Fig. 2.8), considering that slight differences may 
be expected due to the subtraction procedure used in this latter figure. Along 
[112] and [001] a modulation of I(q) is also clearly seen at 16K, growing below 
the transition temperature, but with a smaller amplitude. Note the change of 
scale in both coordinates between Fig. 2.1 1-a and Fig. 2.1 1-b. Along [001], 
beyond q = 0.55 A -1 , the increasing intensity corresponds to the tail of the 
short-range antiferromagnetic order as q approaches the AF (111) Bragg-peak. 
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Figure 2.11. Raw intensity versus q, converted in A - 1 . q in reduced lattice units (rlu) has been 
deduced from q=Q -r, r=(110). (a): along [110], (0.4,0.4,0)<Q<(1,1,0). (b) : along [001], 
(1,1 ,0)<Q<( 1 , 1,0.85) and (c): along [112], (1,1,0)<Q< (1.3, 1.3, 0.6). The continuous lines are 
fits with a gaussian (modulation ) and delta functions (Bragg peak) except at 1 30K in (a) where 
a lorentzian function is used. In b, the gaussian component, corrected for the geometrical factor, 
is shown by a dotted curve. 
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By neglecting the displacement of Mn atoms, we can use the same analysis as 
that performed in section 3.1. Since S z± in equation (1) is the spin component 
perpendicular to Q= q+r with r=( 1 10), all directions are observable. Moreover, 
the corrections due to the geometrical factor can be neglected (cf Fig. 2.1 1-b). 

All features indicate that the ferromagnetic correlations which define the 
ferromagnetic cluster have a smaller extension along [001] (antiferromagnetic 
stacking of the layers) than along [110] (within the ferromagnetic layer). As- 
suming that all q directions within the ferromagnetic layers are equivalent, such 
an anisotropy defines a plate-like shape for the inhomogeneities or that of an 
ellipsoid of revolution with main axes £//, £//, £j_. Since few directions have 
been studied, the q-dependences have been fitted independently with a gaussian 
function as an approximation of the F(q,R) function used in section 3.1. Along 
[001], the q dependence beyond q \m ax determines a typical size £j_ = 5 ~ 7 A, 
to be compared with £// ^ 17 A found along [110]. The origin of this aniso- 
tropy will be discussed below, in relation with the anisotropic double exchange 
due to the AF layered structure. 

In addition, the q ma x value at the maximum of intensity is larger along [001] 
(q ss 0.25 A” 1 ) than along [110] (« 0.18 A" 1 ). We deduce an approximate 
inter-cluster distance dm=27T/q max smaller along [001] (« 25 A), than along 
[110] (« 38 A). 

The behavior with temperature has been mainly studied for q along [110] 
(see Fig. 2.11-a). As T increases, a decrease of the intensity is observed. The 
decrease of the elastic scattering does not result from a dynamical broaden- 
ing. This was checked by energy scans at one constant q value, with an energy 
resolution of 40/ieV (using an incident neutron wavevector /$ = 1.1 A -1 ). 
Therefore, the signal remains "elastic” , even for our best energy resolution 
up to Tk- Close to T^ an additional large scattering intensity enters in our 
finite experimental window, as shown in Fig. 2.1 1-a at T=130K. It can be fitted 
by a lorentzian function, and is attributed to critical scattering. Above T^ a 
residual bump of intensity persists, centered at q=0. In conclusion, the scatter- 
ing intensity attributed to ferromagnetic clusters decreases by approaching Tk 
as does the ferromagnetic Bragg peak intensity. The residual scattering above 
T k suggests that some electronic segregation could persist. Actually, such a 
persistence can be better studied from the temperature evolution of the unusual 
spin dynamics, as it is reported for the xc a — 0.08 sample[26]. 

Discussion 

The existence of ferromagnetic clusters could be the consequence of the 
polarization by a single mobile hole as previously predicted[12]. However, 
in the present case, the comparison between the cluster density and the hole 
density rather indicates that one ferromagnetic cluster contains several holes 
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[25]. The anisotropy discovered in the I(q) function of a twin-free Sr-doped 
sample, indicates that the density of clusters would be «l/25 times the hole 
density. This very approximative evaluation confirms the picture of a charge 
segregation with hole-rich regions embedded in a hole-poor network. 

In summary , we get a picture of "ferromagnetic " platelets with a thickness of 
5 — 7 A and a diameter of about 16 A, in repulsive interaction. They grow very 
slightly and start to coalesce at xc a = 0.1 and xs r — 0.09. They are observ- 
able as far as the long range antiferromagnetic order exists. The observation 
of a characteristic distance between the clusters, as well as the observation 
of a ferromagnetic Bragg peak, requires that the mean magnetization inside 
each cluster is parallel to the same direction (here the c axis). This leads to a 
modulated canted state picture instead of a true phase separation. 

As shown below, the study of the spin dynamics will corroborate and specify 
this picture. 

4. Spin Dynamics 

In the previous section, we have distinguished the concentration range, where 
long range antiferromagnetic spin correlations are observed (yc a <0.125) from 
the concentration range corresponding to the ferromagnetic state. In the canted 
state an inhomogeneous state has been observed and described from a phe- 
nomenological point of view: cluster size, shape anisotropy etc, whereas in the 
ferromagnetic state, no such magnetic diffuse scattering exists. However, in 
this latter case, new structural features occur at some temperature below T c, 
that we have called T q'O” f° r xs r =l/8 and T# for Ca substituted samples. The 
determination of the magnetic excitations allows a better understanding of these 
two peculiar magnetic states, which are described successively [24, 26, 27]. 

Experimental analysis 

Energy spectra for excitations in creation mode process, have been fitted 
by a lorentzian function as spectral function, convoluted with the spectrometer 
resolution (see Fig. 2.12): 

£(Q, hu) = AJ r (Q) 2 hu(l + n(Tiu))x( Q) x (^_^(q))2 +r ( q )2 \ 

From the fits, the energy modes o;(q), their damping T(q) and the energy 
integrated intensity x(Q) are determined. This latter parameter contains the 
geometrical form factor and any Q dependence related to the symmetry of the 
magnetic structure. Since the modes are underdamped, the choice of the spectral 
function does not affect the results. n(hu) is the Bose population factor. 
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The case of pure LaMn 03 has been extensively studied[23, 43]. The main 
results are reported here. We recall that the spin dynamics consists of one spin 
wave branch with a strongly anisotropic dispersion, in agreement with the mag- 
netic A-type structure. A fit with a Heisenberg hamiltonian 

H = ~Y J JiA-Sj-Y. cs ? 

i,j i 

using a four nearest neighbor coupling in the ferromagnetic plane and a two 
nearest neighbor coupling along [001], determines Jl =0.826 meV along [110] 
and J2=-0.58 meV along [001] at T=15K. This model will be also used in the 
canted state, for the high-energy branch. 

Considering the layered magnetic structure which is observed in the canted 
state, measurements of the spin dynamics have been focussed on two directions, 
[ 110 ] within the basal plane, and [ 001 ] perpendicular to the plane. 

4.1 The canted state 

a) The high-energy branch 

4.1.1 Spin dynamics in La 1 _a.Ca 3 .MnO 3 , 0<xca<0.1, T=15K. As 

already mentioned in the introduction, two spin wave dispersion curves are 
observed, characterized as high-energy and low-energy branches. In spite of the 
twinning, for the high-energy branch, the assignment of a dispersion to the [00 1 ] 
or the [ 110 ] direction is unambiguous because of the two distinct periodicities 
in the reciprocal space. Examples of spectra obtained for xc a =0.08 and 0.1, 
along the [ 00 £] direction, which determines the antiferromagnetic coupling, are 
reported in Fig. 2.12, up to the antiferromagnetic zone boundary. 

At Q=r=(0,0,l), a large gap value, ^=1.86 meV at T = 18 K, is obtained. 
By increasing q along [001] (q = Q-r), the energy very weakly disperses as 
the intensity decreases whereas the damping, roughly twice larger than in the 
undoped case, moderately increases. The energy saturates when approaching 
the zone boundary Q=(0,0,1 .5) and a lower energy mode belonging to the low- 
energy spin wave branch, is observed. This high-energy branch has also been 
measured along the direction of propagation [ 110 ] starting from ( 110 ), which 
defines the ferromagnetic coupling. 

The dispersion curve of this high energy branch is reported in Fig. 2.13 
for the pure LaMnO 3 and for the doped xc a < 0.125 samples along the two 
symmetry directions. As for the pure case, the high energy branch has been 
fitted by an Heisenberg hamiltonian with two exchange integrals: one, ferro- 
magnetic, Ji, coupling first neighbors in the basal (a,b) plane, a second one, 
antiferromagnetic, J 2 , coupling first neighbors along the c axis, and with an 
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Figure 2.12. Energy spectra measured in [00£] direction up to the antiferromagnetic zone 
boundary. Upper panel: xca =0.08. Inset: example of energy spectrum observed in xca= 0.05 at 
Q=0.01.2, showing localized modes observed on the upper energy side of the spectrum. Lower 
panel: xc a =0.1. Fits correspond to calculated intensities using lorentzian functions convoluted 
with the spectrometer resolution. 
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Figure 2.13. Dispersion curves along [00£] from (001) to (002) Bragg peaks (left panel) and 
along [CC0] f rom (HO) to (1.5, 1.5,0) (right panel) for x = 0, 0.05, 0.08 and 0.1 compounds. 
At x = 0.1, along [££0], note the strong dispersion of the low energy spin wave branch (empty 
triangles). The solid and broken lines are fits (see the text). The hatched area defines an energy- 
band between both spin wave branches. 
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effective single ion anisotropy C[ 23, 24, 26]. The results are shown by continu- 
ous lines in Fig. 2.13. The variation of J\ and J 2 with doping is displayed in 
Fig. 2.14. It reveals a linear variation for the two effective couplings, showing 
the weakening of J 2 and the strengthening of Ji, in agreement with theoretical 
predictions [44, 45]. This linear variation J 2 OO agrees pretty well with J 2 = 0 
at x = 0.125, where the antiferromagnetic Bragg peak (001) disappears. As a 
remarkable result, the gap of this spin-wave branch keeps the same value 
flo=l-86meV for all x (see Fig. 2.15). This value is also the same, within our 
experimental accuracy , as that measured in Sr-doped samples[28, 46, 30], also 
reported in Fig. 2.15. 



b) The low-energy branch. 

In addition to the high-energy spin waves characterizing the two superex- 
change couplings, a low-energy spin wave branch has been discovered in the 
canted state of the low-doped manganite systems. There, the problem of the 
twinning has been solved, partly thanks to the measurable orthorhombicity 
and also due to the fact that the zone boundary differs along [001] and [110] 
directions. As seen on Fig. 2.13, the low-energy branches corresponding to 
xca = 0.05,0.08,0.1, bend at the zone boundary along [001]. In this dir- 
ection, they are separated from the the high energy branches by a forbidden 
energy domain, represented by an hatched area in Fig. 2.13. Along [110], 
these low energy branches keep a quadratic law. The dispersion appears iso- 
tropic for xca = 0.05, 0.08. The results obtained for these compounds will be 
compared and discussed below, with the untwinned xs r = 0.06. By contrast, 
at xca = 0.10, the dispersion appears very anisotropic, being much stronger in 
the (a,b) plane than along the c axis. (cf. Fig. 2.13 and Fig. 2.22). 

Since it does not exist in the pure LaMnQ 3 , and as it appears around ferromag- 
netic Bragg peaks, this low-energy branch is related to the new ferromagnetism 
induced by doping, and therefore associated with the ferromagnetic platelets. 

This tight relation is clearly seen from the characteristics of the dynamic 
susceptibility for x = 0.05 and x = 0.08. Now the case of xc a = 0.10 is 
discussed. Examples of energy spectra attributed to the [001] direction, are 
shown in Fig. 2.16. At low q- value, they determine a spin wave stiffness 
constant of 14.8 meV A 2 . Their corresponding intensity variation, S(q), with 
a very peculiar profile, is reported in the inset of the same figure. Along [110], 
the low energy spin wave branch determines a much stronger ferromagnetic 
coupling 48 meV A 2 . This large anisotropy can be explained by the vicinity of 
the percolation threshold of the ferromagnetic platelets as shown by the small 
angle diffuse scattering, in Fig. 2.10. 
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Figure 2.14. Ferromagnetic coupling Ji and antiferromagnetic coupling J2, associated with 
superexchange type of coupling (see the text) as a function of Ca concentration. For x > 10%, 
an effective J\ has been calculated from the zone boundary magnon energy. 
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Figure 2. 15. Energy gaps corresponding to the two types of spin-wave branches, versus Ca and 
Sr concentration. Filled symbols: using the neutron technique[27, 28, 30] atT=15K and[43] at 
T=8K. Open symbols: using the antiferromagnetic resonance technique[46] at T<20K. 
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Figure 2.16. Energy spectra of the low-energy magnetic excitation along [0,0, Cl for xc a = 
0.10. Inset: energy integrated intensity, S(q), of this spin-wave branch. 



The properties of the low energy spin wave branch and of the diffuse scatter- 
ing of the xca — 0.10 compound, remind these of the xs r — 0.09 compound 
which is also a limit case of an inhomogeneous CAF state. In that case too, 
the low energy branch is very anisotropic determining a small ferromagnetic 
coupling along [001] (25 meV A 2 ) and a much larger one in the (a,b) plane (48 
meV A 2 )[30]. This peculiar ferromagnetic coupling can be associated to double 
exchange coupling inside the hole-rich platelets and to an additional coupling 
between the platelets through the hole-poor matrix. This will be discuss below. 

4.1.2 Spin dynamics in the untwinnned Lao. 94 Sro.o 6 MnC >3 crystal 
(T=15K). As for measurements of diffuse scattering, the absence of twinning 
allows to obtain the spin waves along [110] and [001] separately and without 
any ambiguity [28]. We have focussed this study on the low-energy range, char- 
acterizing the high-energy branch along [001] and the low energy branch along 
[001] and [110]. A great similarity with the xc a =0.08 case, is observed . Fig. 
2.17-a displays energy spectra corresponding to the high-energy branch along 
[001]. From the dispersion reported in Fig. 2. 18, a value ^=-0.28 meV is found 
at 15K with the same gap, fio=1.86meV. Fig. 2.17-b,c,d display energy spectra 
corresponding to the low-energy branch measured along [110] and [001]. As 
found for the Ca doped samples, this branch is isotropic at small q and bends 
at the zone boundary (0,0, 1.5). It is also shown in Fig. 2.18. A fit with a quad- 
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Figure 2. 17. Energy scans at constant Q for the xs r =0.06 sample (a): along [001] at kf = 1.55 
A -1 , (b): along [001] at kf = 1.3 A -1 , (c) along [110] with kf = 1.3 A -1 , (d) along [110] in 
two different Brillouin zones. The continuous lines are fits with a lorentzian function convoluted 
with the spectrometer resolution. 



ratic law cj^o+Dq 2 provides cjo= 0.54 meV and D — 10 meV A 2 , as found 
for xca = 0.08. The Q dependence of the energy-integrated intensity, x(Q)> 
reveals several new features. 

(1) The q-dependence of the low energy branch, measured in the same Bril- 
louin zone (centered at r=(002)) strongly differs for q//[001] and for q//[l 10]. 
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Figure 2.18. Dispersion curves of spin waves for q along [001] and along [110]. Filled symbols 
correspond to the high energy spin wave branch, and empty ones to the low energy one. The 
continuous lines are guides for the eye. The arrows point the gap value of the low-energy branch 
for x Ca =0.05 (upper one) and xc a = 0.08 (lower one). 



This is illustrated in Fig. 2.19, where the two q directions are compared. The 
fit with a lorentzian q-lineshape (continuous lines in Fig. 2.19) yields correl- 
ation ranges along [110] and along [001] of 17 A and 4 A, respectively. This 
q-dependence is reminiscent of the ferromagnetic correlations / and £_[_ ob- 
tained for the static ferromagnetic clusters. Because of the strong decrease of 
the intensity along [1 10], the low-energy spin wave branch could not be meas- 
ured beyond some q value ((= 0.15 in Fig. 2.18), which is far from the zone 
boundary ((= 0.5) along this direction. 

(2) The intensity of the magnetic excitations of the low energy branch is 
twice larger for measurements in the Brillouin zone centered at r=(002), than 
in that centered at r=(110). This is illustrated in Fig. 2.17-d, for one q value. 
Interestingly, this factor 2 corresponds to the geometrical factor expected for 
spin fluctuations transverse to the c axis, namely, the direction of ferromagnet- 
ism in this sample. This finding agrees with the assignment of the low-energy 
spin-wave branch to the peculiar ferromagnetism induced by doping. 

(3) Finally, we outline the absence of any intensity for magnetic excitations 
of the high energy branch at r=( 002). This is illustrated in Fig. 2.19, where 
the full squares show the decrease of the spin wave intensity of the high en- 
ergy branch from (001) to (002) along the [001] direction. This variation is a 
consequence of the symmetry of the antiferromagnetic layered structure. There- 
fore, we can assign the high energy branch to spins (or spin components) with 
the antiferromagnetic A type structure. Accordingly, along [001], the intensity 
of the high energy branch, maximum at (001) (full squares) and the intensity 
of the low energy one, maximum at (002) (open circles) have complementary 
q-dependences. At intermediate q, both types of excitations can be observed 
(see C=IA and 1.5 in reduced units in Fig. 2.17-a). 
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Figure 2.19. q-dependence of the magnon peak intensity at 50K: along [001] for the high 
energy branch (filled squares) and the low energy branch (empty circles) and along [110] for 
the low energy branch starting from (002), and reported in equivalent units of rlu [001 ] (filled 
circles).The continuous lines are lorentzian fits. 



In Fig. 2.20, the xs r =0.06 case is compared to the xc a =0.05 and 0.08 
ones. There, the dispersion of the low energy branch along [001] is reported 
as open squares for x^ a =0.05 , open circles for x<^ a =0.08 and full circles for 
xs r =0.06, all measurements being performed at T=15K. It shows that the 
characteristics of the low energy branch (gap and ferromagnetic coupling), as 
well as those of the high energy branch, evolve faster with x for Sr doping 
than for Ca doping. Moreover, the shift with x 2%) is the same, when 
comparing the spin dynamics and when comparing the evolution of the static 
ferromagnetic clusters (section II). Therefore, a relation exists between the size 
of the ferromagnetic cluster and the characteristics of the low-energy spin wave 
branch (ferromagnetic coupling and gap value). 

In conclusion , the La-substitution by Sr or Ca induces a new spin wave 
branch, which reveals an isotropic ferromagnetic coupling. This isotropy con- 
trasts with the anisotropic character of the q-dependent intensity which reflects 
closely the anisotropy of the platelet shape. The true nature of this ferro- 
magnetic coupling, which may involve double exchange coupling, expected 
inside the platelets, with an additional coupling between the platelets through 
the hole-poor matrix, remain to be clarified. Actually, these two spin dynam- 
ics, the high-energy branch associated with the matrix and the low-energy one, 
spread into two adjacent energy ranges, defining a small forbidden energy region 
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Figure 220 . Dispersion of the low energy branch along [001] at T=15K for xc«=0.05 (empty 
squares), xca=0.08 (empty circles) and xs r =0.06 (full circles). 



along [001](hatched area in Fig. 2.18). This feature indicates that these two 
spin wave branches are two types of collective excitations of a single magnetic 
ground state. It consists of two interactive magnetic systems well-described by 
a charge segregation picture (hole-rich and hole-poor regions), also revealed by 
the diffuse scattering. 



4.1.3 Temperature dependence of spin waves for xc a <0.1. For 

xca= 0.08, Tc = 126 K is very close to Tjsj (or Tca) = 122 K. The temperature 
evolution of the gap of the high energy branch at (0,0,1) appears very similar 
to that of the mode at (0,0,2. 1) of the low energy branch (upper panel of Fig. 
2.21). They both renormalize at Tjy and transform into diffusive modes giving 
rise to a large quasielastic scattering. 

At xca- 0.1, the phase diagram reported in Fig. 2.1 has pointed out the 
existence of a ferromagnetic and insulating phase between Tc — 138 A" and 
Tca — 112 A", with a spin direction along b at T^ rotating towards c below 
T ca, where the antiferromagnetic long range order occurs. In that case, the 
temperature range between Tc and Tca, is wider and provides the opportunity 
to probe more deeply this ferromagnetic state. The temperature evolution of the 
gap characteristic of the high energy branch, measured at the antiferromagnetic 
Bragg peak r=(001), is shown by filled circles in Fig. 2.21. It reveals a softening 
of this mode with a complete renormalization at Tca • Above Tca, we still 
observe AF quasielastic spin fluctuations (energy spectra centered at c<;=0). By 
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Figure 2.21. Temperature dependence of some magnetic excitation energies, measured in the 
xca=0.08 (upper panel), and xca=0.1 (lower panel). In both figures, the full circles correspond 
to the energy gap measured at (001). Empty circles and triangles correspond to excitations of 
the low-energy spin-wave branch measured respectively at (002.1) and (002.3). The solid lines 
are guides for the eye. 
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contrast, the magnetic excitations of the low-energy spin wave branch measured 
close to the ferromagnetic Bragg peak (002) are still well defined at Tca and 
are fully renormalized at T cs without any anomaly at T ca- This is shown in the 
same figure, where the temperature evolution of two modes, at q=(002.1) and 
(002.3), are reported by open circles and triangles, respectively. We conclude 
that the occurrence of the long-range ferromagnetic order at T <7, is driven by 
the ferromagnetic coupling revealed by the low-energy branch only. 

4.2 The ferromagnetic and insulating state 

For xca >0.1, and xs r >0.09, a new regime occurs with the disappearance 
of the long range antiferromagnetic state. The case *c a =0.125, is considered 
as a limit concentration [27]. We then report neutron scattering experiments in 
the xs^O.125 and xc a = 0.2 samples, which both display, at low temperature, 
the very intriguing insulating and ferromagnetic state. 



4.2.1 Lao.875Cao.i25Mn03. The spin wave dispersions u(q) are 

reported in the right panel of Fig. 2.22 and in Fig. 2.23. The assignment of 
the dispersion curve, which spreads over a small energy range, to the [001] 
direction, is unambiguous, in spite of twinning, and the same arguments as for 
x Ca= 0.1 have been used (cf discussion in 4.1.1-b). The other dispersion curve 
which spreads over a much larger energy range is therefore attributed to [1 10]. 

The main result is the observation of a single energy gap , within the ex- 
perimental accuracy, as expected for a ferromagnetic state with one spin wave 
dispersion branch. 

The excitations defining the AF superexchange coupling along [001] reported 
for x<0.125 are not observed. This is what one could expect from the linear 
variation of J 2 M, where J 2 ~0 at this concentration (Fig. 2.14). It also agrees 
with the very small intensity on (001) AF Bragg peak (cf. section 2.2). This 
spin wave branch exhibits the same gap as that of the low-energy spin-wave 
branch in the canted state described above. Therefore, a continuity between 
xca< 0. 125 and xc a =0. 125 is observed for the spin dynamics of the low-energy 
branch. This observation rules out the idea of a two-dimensional magnetic state 
at the disappearance of the antiferromagnetism, as suggested when missing the 
low-energy spin- wave branch[43]. 

The large anisotropy of the observed dispersion curve is described now. 

Along [001 ], the dispersion curve is very similar to the low-energy spin-wave 
branch for xc a < 0.125. It bends with a vanishing intensity at q) =(0,0, 0.5), 
the zone boundary of the former antiferromagnetic state, reaching the same 
x-independent value defined for xc a < 0.125 (see the horizontal dotted line in 
Fig. 2.22). In spite of the disappearance of the antiferromagnetic coupling, the 
similarity with X£7 a <0.125 in the dynamic susceptibility implies the persistence 
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Figure 2.22. Comparison of the dispersion curves measured along the [00^] and [CCO] direc- 
tions, in the x — 0.1 (left panel) and the x = 0.125 (right panel). In the 10% case, the hatched 
area pictures the energy range separating the two spin wave energy domains. In the 12.5% 
compound, only one spin wave branch remains, reminding the low energy branch of the 10% 
case. Continuous lines: see the text. 



of some feature, related to the vicinity of the canted state. In the canted state, 
we have outlined the tight connection between the dynamic susceptibility of the 
low-energy spin wave branch and the static correlations defining the ferromag- 
netic clusters, attributed to a charge segregation. At xc a =0A25 , this persisting 
spin dynamic feature may reflect a persisting charge segregation along [001]. 
The gap value and the stiffness constant, determined from a fit with u = cpj + 
Dq 2 , are shown in Fig. 2.15 and 2.24, respectively. 

Along [110], the dispersion can be measured up to the ferromagnetic zone 
boundary (1.5, 1.5,0) as shown in Fig. 2.23. It differs from that observed at 
x<0.125 specially at small q, since one spin wave dispersion is detected within 
the experimental accuracy (see comparison with x = 0.1 in Fig. 2.23). This 
strong change at small q suggests that ferromagnetic platelets have percolated 
within the ferromagnetic layers, in agreement with the observation of a strongly 
increasing intensity in diffuse scattering at very small q (Fig. 2.10-b). The 
whole dispersion cannot be fitted by a Heisenberg model with first neighbor 
couplings only or a single cosine law, unlike the case of the high-energy branch at 
lower concentrations. Instead it exhibits an "S" shape, suggesting two different 
behavior depending on the lower or larger q ranges considered. From the 
small q range, a stiffness constant with a much larger value than along [001] 
is determined. In addition, an anomaly appears a! t ! half the zone boundary 
qo=( 1.25, 1.25,0) as seen in Fig. 2.23. This anomaly can be understood as a 
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Figure 2.23. full circles: spin wave dispersion along [110] for xca= 0.125. Empty circles: 
high-energy branch measured along [1 10] at xc a =0.1 High energy branch (empty circles). 



small splitting in the dispersion, as a precursor effect of the anomalies reported 
below in the xc a = 0.2 and xs r = 0.125 cases. 

In conclusion, in contrast with the xc a <0.10 case, the stiffness constant D 
appears strongly anisotropic at this limit x value. A similar result has been 
observed at xsy=0.09,[30] which also corresponds to the limit concentration 
between the canted and the ferromagnetic and insulating state. The two values 
of D measured respectively along [001] and [110], are reported in Fig. 2.24 
with those determined at smaller and higher doping rate. 

4.2.2 Spin dynamics and phonons in Lao^^Sro^^MnOs. 

Ldo. 875 Stq 125 MnO^ exhibits two phase transitions revealed by magnetiza- 
tion and resistivity measurements. Below the ferromagnetic transition at Tc, 
the resistivity first decreases (insulator-metal transition) and shows an upturn 
below Tq'o” > concomitantly, a step-increase of magnetization is observed. The 
transition temperatures, determined from Bragg peak intensities, ((200) for 
Tc , superstructure Bragg peaks (0, 0, 2£ + 1) and (0, 0, £ + 0.5), in Pbnm space 
group notation, for Tq>o ” X agree with those found in literature :ref. [17,15,18]: 
Tc = 181 K and Tq'O” — 159 K. Below Togo’s the orthorhombicity strongly 
decreases and the three characteristic Mn — O distances become very close 
each other. 
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Figure 2.24. Stiffness constant determined from the low-energy spin- wave branch versus Ca 
doping rate. The two values reported for xca= 0.10 and 0.125 have been measured respectively 
along [001] and [110]. The values at xca=0. 17 and xca=0.18 are deduced from a preliminary 
study. 



a) Magnetic excitations and phonons at 14 K 

Magnetic excitations and phonon dispersion curves have been extensively 
measured along [001] (and [110], superimposed because of twinning)[29, 30]. 
As usual, one defines Q = r + q with r defined in the orthorhombic Pbnm 
indexation. Due to the opposite Q-variation of their intensity, spin waves are 
better determined at low Q ((002) < Q < (003)) and phonons at large Q 
((004) < Q < (005)). Excitations measured from (002) to (006), at T = 14 
K, are reported in Fig. 2.25. Actually, in this figure, the transverse acoustic 
phonon branch (TA) propagating along [00C], reported between (004) and (005), 
has been determined around (220) Bragg point, in agreement with the selection 
rules of neutron scattering. Near (002), at low q- values, a parabolic dispersion 
curve, characteristic of ferromagnetic spin waves, is measured. It determines 
a spin wave stiffness constant D ~ 60 meV A 2 . Actually, with an appropriate 
resolution, this dispersion curve appears split into two or even three curves. 
This splitting is specially visible from (002.25) to Qo = (002.5) as shown in 
Fig. 2.25. Beyond Qo, the energy of the magnetic modes locks successively on 
the values of the energy of transverse acoustic phonons (TA), then on the values 
of the energy of longitudinal acoustic phonons (LA), and finally on the values 
of the energy of lowest longitudinal optical phonons (LO). At higher energy, 
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Figure 2.25. Magnetic excitations and phonon curves at T — 14 K for Lao. 875 Sr 0.125 MnOo . 
o : modes with a small intensity. Solid square : Extra branch (EB). The dotted lines are sine 
laws used to fit TA and LA phonons. The solid line is 11.6(1 — cos(27r()), see text. Broken 
lines are guide for eyes. 



around 25 — 30 meV, and for (002.5) < Q < (003.5), additional modes are 
observed, with small intensity. They define what is called an extra branch ( EB 
in Fig. 2.25). As they are not detected at larger value of Q, these excitations 
are magnetic. 

Considering the whole q-range, the energy of the modes of maximum in- 
tensity approximatively follow a simple ferromagnetic spin wave dispersion 
law hcj = 11.6(1 — cos(27r()), with an effective first neighbor exchange integ- 
ral Jeff = lAbmeV . 
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b) Temperature behavior of magnetic and phononic excitations 

The temperature evolution of these excitations and their comparison at differ- 
ent Q, but equivalent q = Q — r, are crucial to know their magnetic or phononic 
nature. For instance, the energy- spectra at Qo = (002.5), reported in Fig. 2.26 
as a function of temperature, indicate clearly their magnetic origin. The energy- 
values of the modes are very close to those of TA and LA phonon modes at low 
temperatures. On increasing the temperature, the mode located at LA value 
slightly renormalizes, and disappears at Tb'O”* Between Tq'o ” and 7c, (from 
159 K to 181 K), a diffusive mode is observed in addition to the collective mode 
close to TA. At 7b, this latter mode softens and progressively merges into the 
quasielastic scattering . At room temperature, a huge quasielastic scattering is 
still observed which indicates large ferromagnetic spin fluctuations. Fig. 2.27 
displays plots of the energy-values and of the intensity of the modes versus 
temperature. It clearly shows that the magnon mode close to LA value, occurs 
at Tb'o” • A similar study in a farther Brillouin zone with the same q, at the 
point Q = (004.5), is presented in Fig. 2.28. The temperature evolution is 
quite different from that observed at Q = (002.5). At low temperature, three 
modes are determined. At high temperature, these three modes persist lying on 
a large quasielastic scattering. As their energy-values and intensity are more 
or less the same at low and high temperature, one concludes to their mainly 
phononic nature (TA, LA and LO phonon modes). 

Finally, to underline the subtile nature of these mixed modes, a study at an 
other superstructure point, Q = (003), which is the zone boundary for the 
small perovskite cube, is presented. The temperature evolution of the spectra 
is shown in Fig. 2.29. The energy-values and the intensity of the modes are 
reported in Fig. 2.30. The signature of both transitions is essentially visible 
by a change in the intensity of the modes and not in their energy-values which 
are nearly temperature independent. On Fig. 2.29-a, the spectrum at 14 K 
consists of three modes centered successively on the energy-values of LA, LO 
phonons and on a higher energy- value associated with the extra branch EB, 
reported in Fig. 2.25. The mode located at LO value is the most intense and 
then has been used to determine the value of the effective exchange coupling (cf 
Fig. 2.25). At Tb'O”, (Fig- 2.29-c), there is an abrupt change. The EB mode 
disappears. The intensity now is distributed on three energy-values (TA, LA, 
LO) with the main part centered on LA energy-value. From T b'O” to 7b, the 
magnetic intensity on the LO energy-value is progressively transferred to the 
LA mode, and disappears at T^. Therefore, as for Q = (002.5), the transition 
at Tb'o” is seen by a step- variation of the magnetic energy-level. On cooling, 
this strengthening is in direct correspondence with the anomalous increase of 
the magnetization. 
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Figure 2.26. Temperature evolution of spectra at Q = (002.5). Dotted lines represent 
resolution-convoluted Lorentzian laws, except at zero energy where a J-function is used. 
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Figure 2.27. Temperature evolution of a) the energy-values, and of b) the energy-integrated 
intensity of the modes at Q = (002.5). LA and TA mean magnetic modes close to LA or TA 
phonon modes. 



One must point out that the mode located at the TA energy-value at Q=(003), 
at and above Tq'O” > is certainly magnetic, related to this peculiar ferromagnetic 
magnetic medium. For comparison, the TA phonon mode, measured in an 
appropriate experimental conditions, at Q = (221) between 14 K and room 
temperature, is slightly sensitive to the transitions. It shows a small hardening 
at Tc and a small softening of nearly 5% at Ib'O” • 

Finally, at 300K, the energy spectrum consists into two modes, a quasielastic 
one, magnetic, and a collective one located at LA energy value, with the same 
reduced intensity as observed at 14K, indicating its phononic origin. 

c) Summary 

Although the structure is not yet solved, remarkable properties of the low 
temperature phase of the Loo .875 ^ 0 . 125^203 compound, have been found, 
thanks to this inelastic neutron scattering study. Two regimes of spin dynamics 
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Figure 2.28. Comparison of the same spectrum measured at Q = (004.5) at low and high 
temperature. 



appear depending upon q-range. For q qfc, the long wave length magnetic 
excitations behave as spin waves in a ferromagnetic medium. Around q = 
qo/2, the dispersion curve clearly splits into three modes. The two upper 
energy- values are very close to TA and LA phonon modes. For q > qo, the 
energy values of the magnetic excitations lock successively on the energy values 
of acoustic and optic phonons. This resonance with phonon modes appears on 
a wide q-range with no peculiar increasing of damping either of phonons or of 
magnetic excitations, and therefore does correspond to a very unusual magnon- 
phonon coupling. 

Similar splitting of these magnetic modes have been also measured along 
[100]. There, the locking of magnetic excitations on phonon energies occurs 
around (0.35,0,0) in reduced unit, which corresponds to the same value of ||g|| 
as qo = (0, 0, 0.5). So this unusual spin dynamics appears isotropic while the 
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Figure 2.29. Comparison of the same spectrum a) at T = 14 K, b) at T = 150 K, c) at T = 160 
K, d) at T = 190 K. (The small peak at 8 meV which is seen in a) and b) is a spurious effect due 
to the (003) Bragg peak) 
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Figure 2.30. Temperature evolution of the modes at Q=(003). a): Values of their energy, b) : 
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superstructure peaks appear only along c axis. Similar results are found in the 
Lao.sCao^MnO^ compound (see below). 

4.2.3 Lao. 8 Cao. 2 Mn 03 . In the phase diagram of Lai_ x Ca x Mn 03 , we 
have indicated the existence of a line, called Tg(x), below T c, corresponding 
to both structural and magnetic anomalies within the 0.1 25 <^<0.2 concen- 
tration range. The orthorhombicity induced by the Jahn-Teller effect, with a 
staggered orbital ordering, which occurs at 200K, decreases below T^IOOK 
down to T f= 45K, where it becomes constant, whereas an enhancement of fer- 
romagnetic Bragg peaks is observed around 75-80K. These features are strongly 
reminiscent of the anomalies reported at T b'O” in the xsy=l/8. Some differ- 
ences with the xsv=l/8 case may be outlined, however. As indicated in section 
2, in the xc a = 0.2 case, peaks of (h,k,2l+l) type are observed at all temperat- 
ures with a very weak intensity, and showing no specific feature at T#. This 
contrasts with the Sr doped compounds for x^0.125, where these peaks are 
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well-developed and appear only below I o'O”- The (h,h, 1+1/2) Bragg peaks, 
which defines a 4ao periodicity along [001] (ao is the cubic edge), is also de- 
tected in the present case, although with a much smaller intensity. We have 
also noticed the existence of a diffuse scattering intensity of nuclear origin 
[42], not observed in the x,sv=l/8. Finally, an important difference with the 
xsr= 1/8 case, comes from the fact that, in the Ca doped case, the structural 
and magnetic anomalies are small and occur progressively, indicating a smooth 
transition, whereas, for the xsy= 1/8 case, all magnetic and nuclear anomalies 
occur at T o'O’s indicating a nearly first order transition. As for x& r =l/8, these 
anomalies occur together with an increase of the resistivity. We are facing with 
the same intriguing situation, where an insulating state occurs within the ferro- 
magnetic state. As shown now, the study of the spin dynamics brings important 
informations for the understanding of this peculiar state. 

For simplicity, and unlike the previous X£y= 0.125 case, we use the cubic in- 
dexation, so that the (0,0,1+ 1/2 ) or tho > for instance, corresponds to (0,0,1+ 1/4 ) cu ^ . 
As usual, we define Q=q +r. 



Spin dynamics 

In Fig. 2.31 (left panel), the dispersion of magnetic excitations is reported 
along [001] at 15K. The magnetic character is deduced from the temperature 
study. 

For q>qo, the dispersion curve appears broken into several parts. Examples 
of energy spectra are reported in Fig. 2.32. They show two magnetic modes. 
The magnetic intensity goes from the lower energy mode to the upper one as q 
increases up to the zone boundary. It defines two branches in the dispersion of 
Fig. 2.31 (left panel). Excitations with the main intensity are reported as filled 
triangles in this figure. 

As for Lao.875Sro.i25Mn03, these discontinuities can be explained by the 
locking of magnons on phonon energies, revealing a very peculiar magnon- 
phonon coupling on a wide q-range. This is shown by comparing the magnetic 
dispersion with that of phonons, measured in the same sample at several tem- 
peratures and reported in the right panel of Fig. 2.31. Actually, the broad 
lower-energy mode reported in Fig. 2.32 at Qo=(0,0,1.25) cw ^, can be resolved 
into two ones corresponding to the transverse acoustic (TA) and the longitudinal 
acoustic (LA) phonon modes, when using a better energy resolution. There- 
fore, as q increases, the magnetic intensity jumps from the transverse acoustic 
(TA) at qo=(0,0,0.25), then close to the longitudinal acoustic (LA) and finally 
close to the longitudinal optical (LO) modes at q=(0,0,0.375). In the small 
q-range, from the quadratic dispersion law, we determine a stiffness constant 
D = 52 meV A 2 , smaller than in the x,sy=0.125 case, surprisingly close to 
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Figure 2.31. Left panel: dispersion of the magnetic excitations measured in the xc a = 0.2 
sample. The filled (empty) symbols indicate excitations with major (minor) intensity. Right 
panel: dispersion curves of acoustical transverse phonons (TA), acoustical longitudinal phonons 
(LA) and optical phonon (LO) observed in the same xc a = 0.2 sample. Measurements have been 
performed at T=300K and T=14K, showing no significant change with temperature. 
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Figure 2.32. Energy spectra measured in the xc a =0.2 doped sample along [001 ], showing two 
modes for each q value. The dashed lines correspond to a fit with two lorentzian functions 
convoluted with the spectrometer resolution. 
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the value determined at x^a =0.125 (along [110 \ or tho) and to those, isotropic, 
measured at xc a = 0. 1 7 and xc a - 0. 1 8, all reported in the figure 24. Therefore, D 
is approximately constant in the whole 0.1 25 Cxc^ <0.22 concentration range. 
This surprising result suggests that the same magnetic ground state associated 
with the concentration 1/8, persists in a large concentration range, the meaning 
of this will be discussed elsewhere[47]. 

5. General discussion 

In this paper, we have described static and dynamic spin correlations in the 
concentration range preceding the metal-insulator transition for both typical 
Ca and Sr substituted samples. In this concentration range, an orthorhombic 
structural distortion of the small perovskite cube is observed, characteristic of 
a Jahn-Teller effect with an average orbital ordering of type A, which progress- 
ively decreases with doping. This study has revealed very original features 
in the spin dynamics, for both the Ca and the Sr substituted ones, showing 
the general character of our observations. Two different concentration ranges 
have been defined, the "canted state" and the "insulating ferromagnetic state", 
the concentration limit corresponding to the disappearance of the long range 
antiferromagnetic order. In both concentration regimes, we could establish a 
direct relation between the spin dynamics and peculiar static spin correlations. 
In the canted state, the static correlations are revealed by the magnetic diffuse 
scattering. In the ferromagnetic state, they are described by the superstructure 
(h, h, 1+0.5 ) or tho (or (h,h,l+0.25 cu b) peaks. 

In the canted state , xc a ,Sr < 0.09, a relation between the low-energy spin 
dynamics and the diffuse scattering is readily established considering the q- 
dependence of their respective intensity. Therefore, the two types of coupling 
indicated by the two spin-wave branches can be related to two types of magnetic 
media. The anisotropy of the magnetic diffuse scattering, reveals platelet-shape 
ferromagnetic clusters rather than droplets (5 — 6 A of thickness and 17 — 18 A 
of diameter), as specially shown for x^ r =0.06 and xc' a =0.08. From the density 
of clusters, approximately determined from their typical distance (^ 38 A), 
a picture of an electronic phase segregation with hole-rich regions, embedded 
in an undoped or hole-poor matrix is derived. The absence of any chemical 
segregation, checked by X-rays for one Ca-doped sample (^=0.08), confirms 
its purely electronic origin. Obviously, the weak value found for the stiffness 
constant D related to the low-energy spin wave branch and its isotropic char- 
acter , cannot be explained by the double-exchange coupling only, which could 
be expected inside the platelets. These features imply an additional coupling 
through the hole-poor matrix, which insures the long-range ferromagnetic coup- 
ling and restores the isotropy. That picture is far from a true magnetic phase 
separation. 
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For xca = 0.10 and xs r — 0.09, the growing of the clusters within (001) 
planes typical of a coalescence effect, is concomitant with a sharp increase of 
the average canting angle and with the occurrence of a strong anisotropy of the 
low energy branch. The role played by the (00 1 ) planes can be easily understood 
considering the orbital ordering, which strongly favors the hole hopping within 
these (001) planes. 

Together with these inhomogeneous features, a mean evolution is also ob- 
served through the evolution of the "effective” super-exchange coupling, spe- 
cially the antiferromagnetic coupling ^ between the layers. 

However, our observations, specially the dispersion of the two spin wave 
branches, also contradict the homogeneous canted state picture derived from 
experiments which probe the q=0 value only [46, 50]. In particular, the char- 
acteristics of the the two spin wave branches along c, which do not cross each 
other, show unambiguously that they are the excitations of a very special in- 
homogeneous CAF ground state. 

The xca-0.125 sample is the limit corresponding to the disappearance of 
the A-type antiferromagnetic structure. New features appear, precursor of the 
ferromagnetic and insulating phase which are actually much less developed 
than in the xs r =0.125 and the xc a =0.2 compounds. 

In the ferromagnetic and insulating state which precedes the "true" metallic 
phase, actually located at xc a ~ 0.22 and xs r ^0.17, a very unusual spin dynam- 
ics is also observed at low temperature. The two compounds, xs r =0.125 and 
x Ca- 0.2 show strong similarities, so that one can suggest that they are actually 
in the same ground state, associated with the 1/8 hole concentration. 

The most original features appear in the low temperature insulating phase, 
where the appearance of a gap at qo is observed in the dispersion, concomitantly 
with the superstructure peaks. 

These very original observations reveal an unusual magnon-phonon coupling 
distinct from the usual one[51]. The spin-lattice or magnon-phonon coupling 
observed here, through dispersed spin wave modes, may play a major K>le to 
stabilize the periodic arrangement existing on the scale of 4$, indicated by the 
superstructure. It should be clarified by further diffraction studies. 

In conclusion, measurements of the spin dynamics in the low doped man- 
ganites, reveal a progressive evolution of the magnetic state with hole doping 
rate. In the inhomogeneous CAF state, in addition to SE-type couplings, a fur- 
ther ferromagnetic coupling appears, induced by the hole-doping, through the 
hole-rich inhomogeneities. First isotropic for very low doping, it becomes an- 
isotropic, for doping close to the percolation threshold of the hole-rich clusters. 
Beyond the critical doping value where this CAF state vanishes, when the very 
intriguing ferromagnetic and insulating state occurs, again the study of the spin 
dynamics inform us on the properties of this FI state. The splitting of the spin 
wave energies, their locking on TA, LA and LO phonon values, are the con- 
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sequence of a very peculiar magnon-phonon coupling, whose nature till now 
remains an open question. 
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Abstract This chapter presents an overview of the electronic structure and the Fermi Surface 

of the colossal magnetoresistive (CMR) oxides, with an emphasis on recent angle 
resolved photoemission results of the bilayer manganite La2-2xSri + 2xMn207. 
These experiments have now advanced to the stage that the low energy excit- 
ations very near the Fermi level can be directly measured. The key transport 
parameters and energy scales can be directly determined from the data. One of 
the critical outcomes of these and other experiments is the observation and study 
of a pseudogap: a suppression of spectral weight near the Fermi energy. This 
effect is shown to be crucial in understanding the very high resistivities as well 
as the CMR effect. We argue that this pseudogap is likely to be an unusual type 
of fluctuating charge density wave (CDW) gap, in which the variations in charge 
density cooperate with the lattice distortions (e.g. Jahn-Teller distortions) as well 
as with the spin degrees of freedom (double exchange). An other important factor 
consistent with this data appears to be nanoscale electronic phase separation. 

Keywords: Fermi surface, Pseudogap, Fluctuating Charge Density Wave, Nesting, Nanoscale 

Phase Separation 



1. Introduction 

The Colossal magnetoresistance effect (CMR) is the dramatic change in res- 
istivity ( p ) when an external magnetic field (H) is applied. This effect has 
recently been rediscovered in some doped manganese-based oxides (mangan- 
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ites) and has become one of the most active topics in condensed matter physics 
[1, 2, 3, 4]. Lot of effort has been invested to gain an understanding of the 
physics behind this novel phenomenon yet we currently do not have a clear 
understanding. 

At high temperature, these materials are insulators, while at low temperature 
they are poor metals. Accompanying this insulator-metal transition is a mag- 
netic transition from a high temperature paramagnetic phase to a low temperat- 
ure ferromagnetic phase. These two transitions occur at the same temperature 
T c . Around T c , applying a magnetic field will greatly lower the resistivity, 
i.e. a negative magnetoresistance effect. This effect can be many orders of 
magnitude, i.e. a “colossal” effect. 

The coincidence of the magnetic and resistive transitions implies an intimate 
relation between the charge and the spin degrees of freedom. This was first no- 
ticed in the 1950’s and was quickly explained by the “double-exchange” theory 
[5, 6, 7]. Double-exchange theory argues that the electron hopping is related to 
the relative spin orientations of neighboring sites. Although it qualitatively ex- 
plains the connection between the insulator-metal and the magnetic transitions, 
it was noticed later by A.J. Millis et al. that it fails to explain the quantit- 
ative change in resistivity and the very low T c [8, 9]. Thus it is believed that 
double-exchange theory alone is not enough to explain the CMR effect. Several 
mechanisms, such as strong electron-phonon interactions (the polaronic effect) 
[8, 9, 10, 11, 12], electronic phase separation [13, 14, 15] and charge/orbital 
ordering [16, 17, 18, 19, 20, 21] etc. have been proposed to account for the 
discrepancy. Although the detailed picture is still unclear, there seems to be a 
growing consensus that one or more of these additional effects probably exists, 
with the various phenomena both competing and cooperating with each other. 
This can lead to very rich and exotic behavior, as observed in the manganites. 

The physics we learn from the manganites can also be applied to other fields 
and materials systems. Most notable among these are the high temperature 
superconducting cuprates which have very similar basic building blocks. It 
is perhaps not surprising that many issues, such as phase separation, stripes, 
and pseudogaps are simultaneously being discussed in both the manganite and 
cuprate communities. 

This chapter primarily focuses on the electronic structure of the manganites 
obtained from angle-resolved photoemission spectroscopy (ARPES), one of the 
most direct and powerful probes of the electronic structure of a solid. Section 

2 discusses various starting points for understanding the manganites. Section 

3 gives a quick introduction to the experimental technique. Section 4 gives an 
overview of the measured electronic structures of the manganites, including the 
key energy scales and the pseudogap. This pseudogap turns out to be crucial 
for the CMR effect and its possible origin(s) will be addressed in Section 5. In 
section 6, we conclude and discuss possible future directions. 
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Figure l 



Figure 3.1. Crystal structures 
La 2 - 2 .x-Sr 1 + 2 ,Mn 2 07 (n = 2). 

from Tokura [22]. 




n=2 

of (a) Lai_^Sri + . T Mn 04 (n 
(c) Lai_ x Sr x .Mn 03 (n = oo). 



= 1). (b) 

Figure reproduced 



2. Background and Review 

2.1 Crystal Structure and Doping Phase Diagram 

2.1.1 Crystal Structure of the Manganites. The crystal structure 
of the manganites is illustrated in figure 3.1. The basic building block is the 
MnC>6 octahedron, with one Mn atom in the center and an O atom at each 
of the six corners. These octahedra share their in-plane O atoms, forming two 
dimensional MnC >2 sheets or planes. In the Mn02 plane, the CMR effect occurs. 
The Mn02 planes are stacked in various orders and are separated by the rock 
salt layers (typically the trivalent rare earth atoms R and divalent alkaline atoms 
A). These rock salt layers bind the crystal together and serve as the charge 
reservoirs, thus the valence of Mn atom can be tuned by varying the relative 
concentrations of R and A. The chemical composition of the manganites can 
be summarized as: 



( 7 ?, M Ti n O‘3 n +i , 



with n labeling the number of Mn 02 plane per unit cell (the dashed lines in 
figure 3.1 indicate the unit cells). For n = 1 ((R,A) 2 Mn 04 , figure 3.1(a)) and 
2 ((R,A) 3 Mn 2 C> 7 , figure 3.1(b)), the structures are layered, while for n — oo 
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X 



Figure 3.2. (a) Doping phase diagram of La 2 - 2 xSri + 2 xMn 207 (n = 2). Figure reproduced 

from C.D. Ling et al. [23] (b) Resistivity versus temperature curves for Lai. 2 Sri. 8 Mn 207 under 
the magnetic field, which show a colossal magnetoresistance effect. Figure reproduced from Y. 
Moritomo et al. [24] 



((R,A)Mn03, figure 3.1(c)), they have a pseudo-cubic structure. 1 The layered 
manganites cleave easily between the rock salt layers, while the pseudo-cubic 
compounds do not appear to have a natural cleavage plane. The layered com- 
pounds are thus widely used in the surface-sensitive angle-resolved photoemis- 
sion measurements. 

2.1.2 Doping Phase Diagram. The doping phase diagrams of all 
the manganite families are quite rich due to the competition and cooperation 
between various physical effects. In general, they show antiferromagnetic in- 
sulating behavior at the doping extremes of x = 0 (0 holes per Mn site and 
an electronic configuration of of 4 ) and x = 1 (1 hole per Mn site, of 3 ). Doped 
compounds with x ~ 0.3 to 0.45 often show ferromagnetic metallic (FM) be- 
havior at low temperatures and paramagnetic insulating (PI) behavior at high 
temperatures. These are of course the compounds that exhibit the CMR ef- 
fect. Figure 3.2 shows the doping phase diagram of the bilayer manganite 



'The layered manganites have the Ruddelsden-Popper structure or sometimes called layered perovskite 
structure. The pseudo-cubic manganites have the K2NiF4 perovskite structure. 
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(a) LiiMnO, |b> SrMnOj 









Figyre 3 

Figure 3.3. Schematic plot to illustrate the ionic view of electronic configurations of (a) 
LaMnO,3 and (b) SrMnCh 



family La2-2^Sri + 2 X Mn207 from C.D. Ling et al [23] and the p — T curves at 
x = 0.4 from Y. Moritomo et al [24]. In this phase diagram, the low temper- 
ature states vary with doping. Several states such as the ferromagnetic metallic 
(FM) state, antiferromagnetic insulating (AFI) state and the type-G antiferro- 
magnetic insulating state are observed. In addition, there are charge-ordering 
(CO) and orbital-ordering (00) states stabilized at higher temperature around 
x = 0.5. The CMR effect is observed in the transition from the PI to FM states 
and is very close (in doping regime) to the CO and 00 states. 

2.1.3 Ionic Viewpoint of the Electronic Structure. Figure 3.3 shows 
the ionic view of the electronic configurations for the end point compounds, 
x = 0 and x = 1, which are both antiferromagnetic insulators. In the pseudo- 
cubic (n = oo) family, these may be LaMn03 and SrMn03, respectively. In 
LaMn03, the Mn atom has a valence 3+, which means there will be four 
d orbital electrons. In SrMn03, there will be only three d orbital electrons 
per Mn site. It is known that in the cubic lattice, the five fold degenerate d 
orbitals split into three-fold degenerate fa g orbitals (d xy ,d yZ) d xz ) and two- 
fold degenerate e Q orbitals (d x 2 _ y 2 ,d^ z 2 _ r 2 ) with an energy separation termed 
10 Dq. Since the e 9 orbitals point towards the six O atoms, they are expected 
to have a larger hybridization with the O 2 p orbitals (pz,p y and p z ) and are 
hence more delocalized than the fag orbitals. This raises the energy of the 
Mn e g -0 p antibonding hybrids more than the Mn fa g -0 p hybrids, explaining 
the energy ordering shown in the figure [22]. The strong Coulomb repulsion 
between d orbital electrons on a site favors the high spin state (strong Hund’s 
rule coupling J# ), meaning that as we increase the electron filling, all orbitals 
will be filled with a single up-spin electron before any double occupancy begins. 
The d s compounds have all three fa g orbitals filled, while the tf 4 compounds 
(e.g. LaMnC>3) will additionally have an e g orbital filled. When this excess 
electron is present, a further distortion known as the Jahn-Teller effect may 
lower the crystal symmetry and break the degeneracy of the two e g orbitals. 
This can be energetically favorable as the excess electron will fill the lower 
energy orbital (typically d^ z 2_ r 2, depending upon the nature of the distortion) 
while the upper energy orbital remains empty. In competition with this is the 
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Mn 5+ Mn 4+ 







Figure 4 



Figure 3.4. Schematic plot to illustrate the basic physics behind the double exchange theory. 
The hopping probability of the e 9 electron from site i to j, Uj , is related to the relative orientation 
of t 2 9 spins, 0. 



structural energy loss from the distortion, which is complicated by the fact that 
a distortion on one site often affects many of the neighboring sites (long range 
strain fields). Also relevant but beyond this ionic picture will be band formation 
due to the overlap between neighboring orbitals. As will be discussed later, the 
bandwidth of the e g orbitals for the metallic compounds is larger than their 
splitting, and so both e g orbitals are to some extent filled. 

2.2 Double Exchange, Electronic Correlation and Other 
Theoretical Considerations 

2.2.1 Double Exchange Theory. The starting point for understanding 
the CMR effect is the so-called “double exchange” theory, first proposed by 
C. Zener in the 1950’s and later expanded by P.-G. deGennes, P.W. Anderson, 
and H. Hasegawa [5, 6, 7]. The basic physics of double exchange theory is 
illustrated in figure 3.4. The conduction is achieved by the hopping of % 
electrons from Mn 3+ sites to the neighboring Mn 4+ sites. Since the on-site 
Hund’s rule coupling, JhS{ • (Jh is the coupling constant, Si is the t 2 g spin 
at site i and <r* is the e g spin), is very strong, we make the approximation that 
Jh — > oo. This means the s = 1/2 e g electron spin must always align with the 
s = 3/2 t 2 g core-like spin. 

The amplitude Uj for an e g electron to hop from site i to site j is therefore 
related to the relative orientations of the i% g spins at these two sites. If we treat 
the t 2 g spins classically and neglect the Berry phase, double exchange tells us 
Uj oc t -cos (|) [6] with 6 representing the angle between#* and Sj (figure 3.4). 

Let us consider two extreme cases. If Si and Sj are parallel (the ferromag- 
netic case), then 6 is 0° and Uj reaches the maximum value t. If Si and Sj are 
anti-parallel (the antiferromagnetic case), then 6 = 18CP and Uj = 0. Thus it 
predicts the maximum conductivity if the system has the ferromagnetic back- 
ground and insulating behavior if the antiferromagnetic background is present. 
This provides the qualitative explanation for the close connection between the 
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insulator-metal transition and the magnetic transition. It also explains why the 
external magnetic field will increase the conductivity since 9 will be reduced 
as the external magnetic field polarizes the ^ spins. 

Although double exchange theory gives an intuitive explanation for the coup- 
ling between the spin and charge degrees of freedom, it fails to predict the correct 
magnitude of the change in the resistivity. For example, if we consider the hop- 
ping probability in the paramagnetic phase, since the ^ spin orientation is 
random from site to site, the ensemble average gives (t • cos(|)) = y. This 
value is only 33% less than that of the metallic state and is inconsistent with 
the observed dramatic changes which may be many orders of magnitude. Thus 
the double-exchange theory alone is not enough to explain the CMR effect and 
other mechanisms need to be included [25]. 

2.2.2 Other Theoretical Considerations. It was pointed out by A.J. 

Millis et al that the electron-phonon coupling might be the missing ingredient 
for supplementing the double-exchange theory. Because the Mr?+ site is sus- 
ceptible to Jahn-Teller distortions, it would not be surprising to have a strong 
electron-phonon coupling in the manganites, with the possibility of polaron 
formation. A.J. Millis et al stressed this early on, also giving a clever argu- 
ment how the electron-phonon coupling strength A may change from strong 
coupling above T c to weak coupling below T c [8, 9]. This could supplement 
double exchange and give the drastic change in observed resistivity. Other the- 
oretical works have considered various variations on the theme [10, 11]. Addi- 
tionally, while the details are still not clear, a variety of experiments including 
neutron PDF, EXAFS, Raman spectroscopy, and indirectly photoemission and 
X-ray absorption have demonstrated the existence of local lattice distortions 
consistent with polaron formation [26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36]. 
Interestingly, these distortions are also often observed to persist at least weakly 
deep into the ferromagnetic state. 

Another possibly complementary route to understanding the CMR effect is 
to focus on real space electronic phase separation in the system. Such phase 
separation is also observed in the dark field image and scanning tunneling 
spectroscopy. The fluctuation length scales range from nm to fim and the time 
scale can be ps to ps. This points toward percolative conduction in the metallic 
phase and the CMR effect is argued as a result of such percolation [37, 38, 39]. 
This scenario is also reproduced in some numerical studies [13, 14]. Later in 
this chapter, we will come back to these points and try to provide an overview 
to encompass these mechanisms. 
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Figure 3.5. (a) Schematic plot to illustrate the ARPES process. Hatched area indicates the 

density of states and dotted area indicates the inelastic background, (b) A set of energy distri- 
bution curves (EDCs) taken at various emission angles. The experimental dispersion relation 
(dashed line) is determined by tracking the peak centroids. Fermi surface crossing point is 
marked by /cf. 



3, Experimental Technique- 

Angle-Resolved Photoemission Spectroscopy (ARPES) 

One of the main techniques discussed in this chapter is angle-resolved pho- 
toemission spectroscopy (ARPES), which is one of the most powerful probes of 
the electronic structure of solids. The schematic plot of an ARPES experiment 
is illustrated in figure 3.5 [40, 41]. The photon beam with energy hv from the 
light source (typically a synchrotron beamline or Helium discharge lamp) hits 
the sample. The electrons with initial energy absorb these photons and are 
excited to a higher energy level. If the excited state energy is greater than that 
of the work function 4>, they may leave the surface with kinetic energy E^. 
They are then collected and energy analyzed. The number of photoelectrons 
detected is proportional to the density of states (DOS), allowing a determination 
of this important quantity. In an angle-resolved experiment the momentum of 
the ejected electrons is also analyzed, allowing a direct mapping of the E vs. k 
dispersion relation (band structure) of the solid. By measuring these dispersion 
relations at or very near the Fermi energy, the Fermi Surface and Fermi velocity, 
as well as many important correlation effects can also be uncovered. 

Several conservation laws enter into the analysis of ARPES spectra. The 
conservation of energy gives the relation between FJ and E^: 



Eh — E{ + hv — 



(3.1) 
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Usually direct transitions dominate, giving the conservation of in-plane mo- 
mentum as well. This connects the initial state in-plane momentum ^ y to the 
emission angle 6 of the photoelectron: 

Pi, || = y/EkSin{9 ) (3.2) 

The out-of-plane momentum, due to the presence of the work function <t>, is 
somewhat modified. If we assume the muffin-tin potential % in the system, it 

becomes: 

Pi,. l = a/2 m(E k cos 2 (9) - Vo) (3.3) 

Once we know and 6 , from these three equations, the energy and mo- 
mentum relations E{k) can be directly obtained. 

Photoemission not only measures the “band structure” of a solid, which 
is a single-electron non-interacting concept, but it in principle contains all of 
the very rich correlation or interaction effects of the system. In the many-body 
language of solid state physics, photoemission is a direct measure of the spectral 
function A(k, u), which is simply related to the single particle Green’s function 
G(k, cj) through the relation: 



A(k,u) = ifm {<?(£, w)} 



In practice, the photoemission intensity is also affected by matrix elements 
M(k,u) — | (/| A • p\i )\ 2 , the Fermi-Dirac distribution f(u) = 1 +e J/ fcB r , an d 
background effects: 



I{k,u) oc M(k,uj)A(k,uo)f(oo) (3.4) 

The sudden approximation must also hold, as is usually believed to be the 
case for electron kinetic energies greater than lOeU or so. 

In the non-interacting electron gas, the spectral function A (fc, uj) is a S func- 
tion and the occupation number n(k) is related to its integration: 

/ o° 

A(k,uj)f(uj)duj = n(k) 

-CX) 

At 0 K, n(k ) is 1 for fc < kp and 0 for k > kp. Thus in ARPES we should see a 
step-like feature if we plot the integrated spectral weight versus momentum (or 
emission angle) if the momentum space covers both occupied and unoccupied 
states. 

If we include the interactions in the system, the strongly correlated electrons 
can often be renormalized to weakly interacting quasiparticles. In this case, the 
spectral function A(k,u;) will have two parts - a coherent quasiparticle peak 
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and an incoherent background. For a quasiparticle removed from Ep, it will 
have a finite lifetime which will show up as a Lorentzian broadening: 



A(k, uj) 



1 ImE(k,uo) 

*{u)-e k - ReZ{k,cu)) 2 + (ImE(k,uo)) 2 



(3.5) 



with e*; representing the non-interacting dispersion and £(fc, u) the self-energy, 
which contains all the information about the interactions. The imaginary part 
of the self-energy, T = Jra£(fe,u;), gives us the energy width or lifetime of 
the quasiparticle, while the real part affects the peak position via the relation: 
ek + ReE(k, u), giving a renormalized dispersion. Thus the experimental band 
dispersion can be obtained by tracking the centroids of energy distribution 
curves (EDCs) at various emission angles (see figure 3.5). 

As the band disperses toward Ep, the phase space for scattering is reduced 
and so the peaks are expected to sharpen. 2 When the centroid reaches Ef, the 
lifetime of the quasiparticles becomes oc and the EDC becomes a S function 
(however in practice, finite temperature and resolution will broaden this S func- 
tion). At the same time, due to the Fermi-Dirac distribution, the spectral weight 
will drop. As the peak moves above Ep and enters the unoccupied states, the 
spectral weight diminishes rapidly. The step in integrated spectral weight is 
still there, but it is reduced by a factor Z . Thus the Fermi surface crossing 
point kp can also be determined from the weight behavior if the variation of 
the photoemission matrix element M(k, u) is mild near kp. 

Instead of looking at EDCs, another way to analyze the data is to look at 
the intensity versus emission angle at fixed binding energies. These are called 
momentum distribution curves or MDCs. This method has recently become 
practicable because of greatly improved angular resolution and increased k- 
space densities. The quasiparticle’s spectral function looks like a Lorentzian 
function (see eq(1.3)). If the quasiparticle is very close to Ep , we can linearize 
the dispersion e k ~ vp • (p — pp), where vp represents the Fermi velocity and 
pp is the Fermi momentum. Then we can rewrite A(fc, ui) as a function of k at 
a fixed binding energy uj: 



A(k,ou) oc 



_L 

(k - k F 



Tivp 

ui—ReT,(k,u:') \ 2 . 

Tivp ) ' \ ^ Vf ) 



(3.6) 



This is a Lorentzian function again. Now the width of this spectral function 
is Irn ^&u) anc j t j ie renorma ii ze( j p ea k position is at kp + v-RfZ&u) 



2 In Fermi liquid theory, the lifetime of quasiparticles is related to its binding energy as F oc , if temperature 
effects are neglected. The J 2 dependence comes from the available phase space volume for quasiparticle 
scattering [42]. 
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widths from EDCs and MDCs can be related through the relation: 3 

Auj = fivpAk (3.7) 

The choice of using EDCs or MDCs in data analysis depends mainly on the 
quasiparticle velocity. If the velocity is large (fast dispersion), Auo can be quite 
large while A k might still be small. Thus the MDCs can be nicely fitted with 
Lorentzian functions while the EDCs may be too broad to produce reasonable 
fits. If the velocity is small (slow dispersion), EDCs are usually a better choice. 
The bonus for using MDCs is that they don’t suffer the Fermi-Dirac cutoff and 
so we are able to track the dispersion all the way up to or even above Ep. This 
is not practical for the EDC method since the Fermi-Dirac distribution alters the 
line shape near Ep. Another bonus for using MDCs is that the MDC lineshapes 
are immune to u dependent self-energy effects, which distort the EDC but not 
MDC lineshape. fc-dependent self energies distort the MDCs, but these appear 
to be much less common in real materials. 

4. Overview of Electronic Structures 

4.1 Valence Band Structure 

4.1.1 Overview of Valence Band Structure : 

Angle-Integrated Data. Figure 3.6(a) shows the overall valence band 
structure from polycrystalline Lai_ x Ca x Mn 03 from J.-H. Park et al. [44]. 
This panel shows the doping dependence of the Ca 3 p, La 5 p, O 2«s peaks 
and valence band structure. The intensity variations of Ca and La track the 
doping dependence while relatively little change is observed in the valence 
band. From realigning these features, J.-H. Park et al. observed the monotonic 
shift in chemical potential p (see inset in figure 3.6(a)). The valence band 
structure between Ep and binding energy « 8eV is believed to be composed 
of hybridized Mn 3 d and O 2 p orbitals. From the LSDA calculation, the high 
binding energy part has mainly ^ character whereas the near Ep portion has 
mainly e 9 character. This assignment is consistent with the expectation that the 
low temperature physics is dominated by eg electrons [45, 46, 47]. 

4.1.2 Doping Dependence. Figure 3.6(c) shows the near Ep spectra of 
pseudo-cubic Lai_ x Sr x Mn 03 from D.S. Dessau et al. [48]. When the doping 
level x is changed from 0 to 0.5, the low temperature phase changes from 
an insulator to a metal. From the conventional picture, the near Fermi energy 
spectra in the metallic phase (between x = 0.175 and x ~ 0.5) should show the 



•'This relation holds only for quasiparticles. If there are no quasiparticle in the system, the information 
obtained from EDCs and MDCs can be very different. It has been argued that sometimes the MDC line 
shape might look like a Lorentzian function while the EDC line shape can be totally different [43]. 
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Figure 3.6. (a) Angle integrated photoemission spectrum of Lai-^Ca^MnOs at various doping 

levels. The inset shows the chemical potential shift, (b) Temperature dependence data of 
Lao.67Cao.33Mn03 (left) and Lao. 7 Pbo. 3 MnC >3 (right). Figure taken from J.-H. Park et al. [44] 
(c) The near Ef spectrum of Lai-^Sr^MnOs at various doping at 10 K. Figure taken from D.S. 
Dessau et al. [48] 



characteristic Fermi-Dirac cutoff. This is observed between x = 0.18 and 0.4. 
On the other hand, no such cutoff is observed in the x = 0 sample, consistent 
with the insulating behavior [48]. 

Another interesting observation is that the spectral weight near Ef is larger 
in x = 0.3 and x = 0.4 samples than in the x = 0.18 sample. The enhanced 
spectral weight, to first order, can be related to the better conductivity [49]. 
Even though the angle integrated EDCs show step-like features near Ef, the 
overall line shape is very different from conventional metals such as Au. The 
spectral weight is severely suppressed and only a minute fraction is left near 
Ef . This suppression, known as the “pseudogap”, is also observed in other 
probes and is believed to be intrinsic. We will show that this pseudogap is 
enhanced in the bilayer manganite, La 2 _ 2 X Sri + 2 xMn 207 and is closely related 
to the CMR effect. 

4.1.3 Temperature Dependence. Figure 3.6(b) shows the temperature 
dependent data of Lao. 67 Cao. 33 Mn 03 (left panel) and Lao. 7 Pbo. 3 Mn 03 (right 
panel) from J.-H. Park et al. [44]. At high temperatures, almost no spectral 
weight is observed near Ef . As the temperature is lowered, the spectral weight 
starts to build up and the step-like feature at Ef becomes clearer. Such a trend 
is consistent with the expectation that the conductivity is proportional to the 
number of states at Ef . 

This issue was further investigated by T. Saitoh et al on the bilayer man- 
ganite, Lai^Sri.sM^Oy [54]. Their results in figure 3.7 showed that the near 
Ef spectral weight starts to build up right below T c and does not show any 
sign of saturation (filled squares). Such an increase in spectral weight can also 
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Figure 3. 7. Temperature dependence data of Lao . 82 Sro. isMnOa . The vertical axis is the relative 
weight compared to the band theory calculation. Figure taken from T. Saitoh et al. [54] 



be seen in a larger energy integration window (open squares), indicating that 
the energy scale involved is quite large (greater than 300 meV). They also es- 
timated the ratio of spectral weight between the experiment and band structure 
calculations on angle-integrated data on the x = 0.18 pseudo-cubic manganite, 
Lao.82Sro.isMn03. The experimental spectral weight is only a few percent of 
the theoretical result and the estimated Drude weight (open circles) is less than 
1% over most of the temperature range. The suppression of spectral weight, due 
to the presence of the pseudogap, is clearly not fully quenched in the metallic 
state. Later we will argue that this pseudogap effect is intrinsic and it affects 
the whole Fermi surface. We will argue that it is closely related to the CMR 
effect. 

4.1.4 Spin-Polarized Electronic Structure. The strong Hund’s rule 
coupling in the transition metal oxides favors the high spin state, i.e. the ^ elec- 
trons tend to line up with the i^g spins. The low energy DOS should reflect this 
effect and should have a strong spin dependence. This has been confirmed by 
the spin-polarized angle-integrated photoemission experiments done by J.-H. 
Park et al. [50]. Their data on a thin film sample is shown in figure 3.8. Fig- 
ure 3.8(b) shows the near Ep spin-up (cross mark) and spin-down (line) spectra 
above T c (T c = 350 K). The difference (bottom panel) between these two spin 
states is within the noise level, indicating the paramagnetic ground state. When 
the temperature (T = 40 K) is below T c , the spin-up state is dominant at low 
energy while the spin-down state is negligible. This is consistent with the fer- 
romagnetic ground state observed in the magnetization measurement shown in 
the inset. In addition, the almost complete spin polarization at the Fermi level is 
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Lao. 7 Sro. 3 MnC >3 at (a) 40 K and (b) 380A'. The bottom portion shows the difference between 
the spin-up and spin-down states. Figure taken from J.-H. Park et al. [50] 



very unusual, with this result probably being the first confirmed “half-metal” - a 
system which is metallic in one spin channel and insulating in the other. Such a 
material should in principle allow for the highest efficiencies in magnetic tunnel 
junctions and other devices aimed at the proposed “spintronics” revolution. 

4.2 Characteristic Energy Scales 

There are several important energy scales in the manganites, and these can be 
directly probed with electron spectroscopies. T. Saitoh etal. overlaid the O Is 
XAS data with cluster interaction (Cl) model calculations and obtained some 
of the correlation energy scales. They estimated the d — d exchange interaction 
to be 0.85eV, the onsite Coulomb repulsion Udd about 7eV (for both LaMnC >3 
and SrMnC> 3 ) and the charge transfer energy A = 2eV and 4.5eV for SrMnCh 
and LaMnC> 3 , respectively. Since the charge transfer energy is smaller than 
the onsite Coulomb repulsion, they argued that La/SrMnQj should both be 
classified as charge transfer type insulators [51]. 

Their results are different from those of earlier reports from A. Chainani et 
al. [52], A. Chainani et al. measured U to be 4.0eV and A to be 5 . ( )r V’ for 
LaMnC> 3 . So LaMnC >3 should be a Mott-Hubbard insulator. Similar numbers 
were also reported by J.-H. Park et al. [44] Since the difference between Udd 
and A is not dramatic, we may consider LaMnCh to be on the border between 
charge-transfer and Mott-Hubbard insulators. 

The O Is XAS spectra of the single layer manganites Sr 2 Mn 04 (x — l,d 3 
system) and LaSrMn 04 (x = 0, d 4 system) from D.S. Dessau et al. are shown 
in figure 3.9 [53], The pre-edge structure should be q, (d 3z 2_ r 2 and d x z _ y 2 ) 
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spin-up, t 2 g ( d xyj d xz and d yz ) spin-down and e g spin-down states (in increasing 
energy order). By using a grazing incidence photon angle, they were able to 
probe the out-of-plane d^ z 2_ r 2 states, and by using a more normal incidence 
angle they could probe the in-plane <4 2 -?/ 2 states. By comparing the grazing 
and normal incidence spectra, they could deconvolve the states of different 
symmetries. This allowed them to extract the Hund’s rule coupling Jh to be 
2.7eV (see figure 3.9(a)). Such a strong Hund’s rule coupling is consistent 
with the large Udd reported by various groups. Going from cP (S^MnC^) to 
d 4 (LaSrMnCL), the extra electron will occupy the lowest energy state, the 
d‘ Sz 2_ r 2 spin-up state. Thus the lowest state in XAS from LaSrMnC >4 should 
be the d x 2_ y 2 spin-up state and the next one should be the d$ z 2_ r 2 spin-down 
state. 

5. Near Fermi Energy Electronic Structure Probed by 
High Resolution Angle Resolved Photoemission 
Spectroscopy (ARPES) 

5.1 Near Fermi Energy Electronic Structure 

5.1.1 Previous ARPES Results. The near Ep electronic structure on 
the bilayer manganites, La 2 _ 2 xSri + 2 xMn 207 , has been probed by T. Saitoh 
et al. [54]and D.S. Dessau et al. using ARPES [36]. The data on x — 0.4 
(Lai. 2 Sri. 8 Mn 207 ) along the high symmetry lines are shown in figure 3. 10 (a)- 
(d). The experiment was done in the FM state at T = 10 K and the momentum 
space locations for the EDCs are shown in figure 3.10(e). The Fermi surface 
topology shown in panel (e) was calculated under the LDA+U approximation 
by N. Hamada. 

The calculated Fermi surface consists of two parts: the electron-like pocket 
centered around the zone center (0,0) is predicted to have d% z 2_ r 2 charac- 
ter while the two concentric hole pockets (from the bilayer coupling between 
two adjacent MnC >2 planes) around (±7r, ±7 t) are predicted to have o^ 2 -?/ 2 
character. Dispersive features are seen in the experimental EDCs and are 
marked by vertical bars. Compared to the cubic manganites (see figure 3.6(b)) 
Lai-^Sr^MnOa, the spectral weight near Ep is even smaller due to a greatly 
enhanced pseudogap effect. 

The features are observed to disperse toward Ep from a binding energy 
around leV . As they approach Ep, the features lose spectral weight and ap- 
pear to broaden in energy. Before they reach a binding energy around 0.5eU, 
the weight loss is so dramatic that the features are no longer discernible from 
the background. The experimental dispersion determined from the EDC peak 
positions (the vertical bars in panel (a)-(c)) is overlaid with the LDA+U cal- 
culation result in figure 3.13 (solid triangles). The overall agreement is quite 
encouraging, especially near the zone center and around the ( 7 r, 0) point. Below 
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Figure 3.9. Ols X-ray absorption spectrum from single layer manganite (a) Sr 2 Mn 04 and (b) 
LaSrMn 04 . The solid curve represents the results with more grazing incidence and the dashed 
curve represents the normal incidence, (c) O Is X-ray absorption spectrum from samples with 
x = 0.4 (d 3 6 ) with various n. Figure taken from D.S. Dessau et al. [53] 
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Figure 3.10. (a)-(d) Low temperature (10 K) ARPES data on Lai. 2 Sri. 8 Mn 207 along high 

symmetry lines which are indicated in (e). The vertical bars represent the peak positions of the 
EDCs and two x s show the closest approach to the Fermi energy. Figure taken from D.S. Dessau 
et al. [36] 
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a binding energy of 0.5eU, due to a very broad EDC width and the pseudogap 
effect, such a determination is not reliable and no data points are shown. 

When the sample temperature is changed from 200 K (open triangles in 
figure 3.13) to 50 K (filled triangles), major shifts in the EDC centroids occur 
only near kp (around (7r, 0.37 t)). For the rest of the Brillouin zone, only minute 
changes are observed. Such a small change in the bandwidth is inconsistent with 
simple double-exchange theory, which predicts a roughly 30% reduction in the 
bandwidth upon going from the ferromagnetic metallic state to the paramagnetic 
insulating state [6]. For the data shown here the bandwidth change is roughly 
6 ~ 7%, if we consider the full bandwidth which includes the unoccupied 
states as well [54]. Such a small change only indicates that the increase in 
electron hopping probability is not the major reason for the dramatic change 
in conductivity. The peak position at 50 K is closer to Ep, which indicates 
the softening of the pseudogap and the increase of near Ep spectral weight. 
Another interesting point is that the dispersion shows a bending back behavior 
near kp. Later we will argue that this is due to a fluctuating charge density 
wave, which is at least partly responsible for the pseudogap. 

5.1.2 Recent High Resolution ARPES Results. 

Existence of the Fermi Surface. Recently, the introduction of the new 
Scienta analyzers and advanced undulator beamlines at facilities such as the 
Advanced Light Source, Berkeley, has dramatically improved the experimental 
resolution and count rates of ARPES experiments. These improvements have 
enabled us to detect and study the details of the near Fermi energy electronic 
structure for the first time[55]. 

Figure 3.11 shows the recent high resolution ARPES results on the bilayer 
manganiteLai. 2 Sri. 8 Mn 207 (x = 0.4) in the FM state (T = 20 K). The photon 
energy used was 50eU. At this photon energy, the Brillouin zone size ^ is 
roughly 14° and the momentum resolution from the analyzer is (A A k y ) « 
(0.02^,0.033^). Data presented here were normalized by using high order 
harmonic emission from the synchrotron light source. 4 Figure 3.1 1(a) shows 
the LDA+U Fermi surface topology overlaid with the integrated spectral weight 
over the binding energy window (— 0.2eV, 0.2eU). Only the upper half of 
this image plot was obtained in the experiment, with the other half obtained 
through a symmetrization of the data. This color image matches the LDA+U 
Fermi surface quite nicely: the high intensity near the zone center represents the 
emission from d 3z 2_ r 2 band while the four L-shape loci represent the portion 



4 High harmonic emission will excite the core levels and will show up above Ep. Such features should be 
isotropic and so any detected variations should come from non-uniform detector response. By normalizing 
it out we eliminate this non-uniform response from the detector. 
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Figure 3.1 1. High resolution ARPES data on Lai. 2 Sri.sMn 207 taken at 20K and50eV photon 
energy, (a) Overlay of the integrated spectral weight over (— 0.2eV, 0.2eV) window with the 
Fermi surface topology from LDA+U calculation, (b) One set of EDCs taken at emission angle 
10°. Vertical axis is the emission angle (in degree) and the horizontal axis is the binding energy 
(in eV). Blue dots are the centroids of EDCs. (c) Zoom-in of the image in panel (b). (d) A 
stack of roughly 1 /3 of EDCs from panel (b). Vertical bars indicate the peak positions. The 
corresponding emission angles are listed in panel (e) and are also marked by yellow ticks in 
panel (c). (e) Zoom-in on the EDCs in panel (d). (f) Overlay of EDC at 4.67° (blue) and the Au 
spectrum (red) at the same temperature. 
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of the d x 2 y 2 bands. The higher emission near the (0,0) point also matches 

our experimental configuration (83° relative to sample normal) since the nearly 
out-of-plane photon polarization will excite more d^ z 2_ r 2 states. 

To further analyze the spectra, we show one angular slice (~ 12? emission 
angle, which contains roughly 40 EDCs) in figure 3.11 (b). The momentum 
space location of this slice is indicated by the white line in panel (a). In fig- 
ure 3.1 1(b) the vertical axis is the emission angle and the horizontal axis is the 
binding energy. In this panel, a parabolic-like dispersion is observed with Ep 
crossing locations at roughly ±4.7°, consistent with those seen in the FS plot 
of panel (a). The typical way of showing stacked EDCs is used in figure 3.1 1 
(d) (only roughly 1/3 of the total EDCs are shown here). Their corresponding 
emission angles are listed in panel (e) and are also marked by yellow ticks in 
panel (c). The EDCs in figure 3.1 1(d) are very similar to what was reported by 
T. Saitoh et al. [54] and D.S. Dessau et al. [36], i.e. the peak of the EDCs are 
always removed from Ep by at least 0.5eV. 

With improved resolution and transmission, one is able to probe the electronic 
structure within 0.5eV of Ep, where the spectral weight is rapidly decreasing. 
We zoom in on the binding energy window (— 0.2eV, Q.\eV), re-set the color 
scale (intensity) and obtain the result shown in figure 3.11 (d). From this image, 
it is clear that the dispersive feature does extend all the way up to Ep before 
disappearing. This effect is also seen in figure 3.11(c). In this panel, the step- 
like feature can be seen near the emission angle ±4? while it is not seen near 
0°. In figure 3.11(f) we overlay the EDC at emission 4.67° (blue line) and 
the Au spectrum (red line) at the same temperature. The nearly perfect match 
between these two curves indicates that the step-like feature is produced by the 
Fermi-Dirac function. This provides the direct evidence for the existence of the 
Fermi surface in this material, with topology very similar to the prediction of 
the LDA+U calculation. 5 

MDC Analysis and the Experimental Dispersion Relation. Since the 
dispersion is very fast near Ep, the arguments of Section 3 indicate that MDCs 
would be more suitable for the spectral analysis than EDCs. The EDCs in 
figure 3.11(d) are broad and asymmetric and cannot be accurately fit with a 
Lorentzian. Figure 3.12(a) is taken from figure 3.11(c), except rotated 90P. 
Panel (b) shows the corresponding MDCs from binding energy 200 meV to 
10 meV above Ep. In contrast to the EDCs of figure 3.1 1(d), these MDCs are 
easily and precisely fit with two Lorentzian functions (each of the same width) 
on top of a linear background (not shown here). The close match between the 



5 Although the energy integration window we choose is rather large in panel (a), the very fast dispersion only 
causes minor uncertainties in kp- Thus the Fermi surface topology should be very similar to the LDA+U 
results. 





Figure 3.12. (a) The image plot from figure 3.1 1(b), except rotated by 90°. (b) A stack of 

momentum distribution curves (MDCs) from panel (a). (c),(d) Overlay of MDCs at Fermi 
energy and at binding energy 200 meV with the overall fitting results (red curves), (e) The peak 
area (red dots), centroids (red/blue markers with error bars) and width (green markers with error 
bars) of the Lorentzian functions used in the fitting program. 



data and fitting results shown in figure 3. 12(c) and (d) give us a high confidence 
level in the extraction of the peak centroids, widths, and intensities. 

The resulting centroids (red and blue lines), area (red line) and width (green 
line) are shown in figure 3.12(e). The area under the Lorentzian function (red 
branch only) shows the loss of spectral weight as binding energy is decreased. 
Only a small fraction is left near E p and the step is barely seen. This is consistent 
with the previous EDC analysis, which shows that the pesudogap effect is also 
observed in MDC fitting. The width does not show much change throughout 
the Q.5eV window, except for some scatter in the data due to reduced statistics 
near Ep. The centroids of the two Lorentzian functions are shown on the upper 
part of this figure. The dispersion is very fast: roughly 10% of the Brillouin 
zone over a 0.5eV window indicating a light band mass. Such a light band 
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momentum space 



Figure 3.13. Overlay of the LDA+U band structure with the experimentally determined dis- 
persion relation. Open triangles and filled triangles represent the dispersion at 200 K and 50 K. 
Open circles are the combinations of the EDC peak positions and MDC centroids in this study. 



mass would seem to be inconsistent with the polaronic picture, which would 
favor a heavier band mass. We will come back to this point later. 

If we combine this dispersion (the centroids of the Lorentzian functions) 
with the peak positions of the EDCs at higher binding energy (vertical ticks in 
figure 3.11(d)), the result is shown in figure 3.13 by the open circles. From 
the bottom of the band (near the (0, 0) point) to binding energy « 0.5eV, the 
new data agrees very well with the previous studies. With the aid of the MDC 
analysis, we can explore the electronic structure below 0.5eU, which could not 
be accessed before. Surprisingly, the experimental dispersion again agrees with 
LDA+U calculation very nicely. 

Key Transport Parameters from ARPES Results. We can extract the in- 
plane transport parameters from the MDC fitting results of figure 3.12. Since the 
ARPES results are nearly independent of the exact momentum space location 
along the one-dimensional Fermi surface, we use the parameters extracted from 
the 10° cut of figure 3.12. 

The Fermi velocity vp is determined from the dispersion at Ep\vp = 
jr d ~ d ^ = 7.5 eV A. The band mass m = 1.3 x 10 6 m/sec can be obtained 
from the parabolic fitting to the dispersion with the result approximately 0.27 tt+ 
(m e is the electron mass). This is quite consistent with the LDA+U prediction, 
which gives 0.3ra e . The peak width A k at Ep is approximately 0.09^, or 
equivalently A k « 0.07 A -1 . This gives the mean free path A = ^ « 14 A, 
which is roughly 7 times the in-plane Mn-O bond length. Such a long mean 
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free path is somewhat surprising for the manganites since their DC conductiv- 
ity is on the order of the Mott limit of metallic conductivity. A similar result 
was however also reported by Q.A. Li et al. from in-plane magnetotransport 
measurements [56]. Finite resolution or other extrinsic scattering effects in an 
ARPES experiment can be imagined to broaden the peaks, giving an underes- 
timate of the mean free path, though an overestimate is much harder to imagine. 
Thus we should consider this large mean free path to be reliable. The mean free 
time between scattering events r is obtained from r = ^ « 1.24 fs. Finally, 
the effective carrier number n e fj can be estimated from the Fermi surface area 
centered around the (7r, 7 t) points, which cover nearly 50% of the Brillouin 
zone. Thus n e ff ~ 3.4 x 10 21 holes/cm 3 , which is consistent with the doping 
level x = 0.4. 

With these parameters, the in-plane DC conductivity can be calculated from 
the Drude formula: 

1 n e ffe 2 r 

- = a = — — 

p rri 

We thus obtain parpes — 2xl0 _4 O— cm, while the measured low temperature 
resistivity is p = 2 x 10 _3 £1— cm i.e., ten times more resisitive than expected 
from the measured transport parameters. 

5.1.3 Emergence of the Pseudogap. In this material, the low temper- 
ature “metallic” resistivity is close to Mott’s minimum metallic conductivity. 
Such a poor conductivity would be expected to come from either the short mean 
free path A (on the order of an inverse lattice constant) or from a small number 
of carriers (equivalently a small Fermi surface volume). Those are not what 
we see in the manganites. Other mechanisms clearly need to be included to 
understand the highly resistive “metallic” state of this compound. We believe 
the signature lies in the spectral weight behavior near the pseudogap ef- 
fect. In figure 3.12(e), we show the spectral weight under the Lorentzian peak, 
which has a dramatic loss as the feature is approaching the Fermi energy. Such 
a behavior is unusual since in the typical metals, the spectral weight should re- 
semble the Fermi-Dirac distribution. In the manganites we instead see that the 
effective number of carriers which contribute to the transport process is greatly 
reduced, even though the Fermi Surface volume remains large. 

If the pseudogap effect is related to the CMR effect, we should see some 
changes in the spectra as we go through T c . In figure 3.14 (b), we show the 
EDCs averaged over the « 12° emission angle at various temperatures ranging 
from lSOi^ (above T c ) to 50 K (below T c ). As the sample is cooled down from 
150 K to 120 K, the leading edge of the spectra show very little movement, 
while the bottom of the band seems to gain intensity. When the temperature 
is below T c , the leading edge shifts progressively towards Ep, signifying the 
softening of the pseudogap. This trend continues down to 50 K. Figure 3.14(c) 
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Figure 14 



Figure 3. 14. (a) Temperature dependence of the spectral weight integrated over various ranges. 

Black markers represents results with integration window (— 0.25eF, 0.05eF) while red mark- 
ers represents integration window ( — l.TeF, 0.3eF). (b) Angle averaged EDCs (over ~ 12° 
window) at various temperature, (c) Zoom-in on the EDCs in panel (b). 



shows the same data nearer Ep. As is clearly seen in the panel, accompanying 
the softening of the pseudogap is the transfer of spectral weight towards the Ep 
region. Figure 3.14(a) shows the integrated spectral weight over the binding 
energy windows (— 1.7eV, 0.3eV) (red marks) and (— 0.2eV, O.OSeF) (black 
marks). The larger integration window shows little change in spectral weight 
over the temperature range, while the smaller integration window shows the 
turn-on behavior right below T c . Thus the pseudogap appears to be intimately 
related to or responsible for the “colossal” resistive changes observed at %. 

5.2 Possible Origin(s) for the Pseudogap 

If the pseudogap is related to or helps to drive the CMR effect, it is clearly 
critical to determine its origin. We first discuss extrinsic effects and will argue 
that they are unlikely to be the origin. Following that we will discuss possible 
intrinsic origins for the pseudogap. 
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5.2.1 Extrinsic Origins. 

Ohmic Loss Effect. A theoretical proposal by Robert Joynt argued that 
the pseudogap observed in photoemission experiments in the manganites and 
possibly many other compounds may be due to extrinsic loss effects [57]. Joynt 
considered that the electric field created by the outgoing photoelectron would 
produce ohmic losses, lowering the kinetic energy of the ejected photoelectron. 
This would show up in the spectra as a pseudogap, or depression of weight near 
Ep, even if there was not one in the true density of states. In the theory, this 
should be most important for highly resistive samples such as the manganites, 
although a number of the key parameters of the theory were left undetermined. 
Recent temperature dependent data from Dessau and Saitoh showed that the 
temperature dependence of the pseudogap has a strong momentum space de- 
pendence [58]. Such an anisotropy is inconsistent with the Ohmic loss picture 
proposed by Joynt, and while a minor effect along the lines he considered is still 
possible, it is now clear that the majority of the pseudogap effect has a different 
origin. The work of K. Schulte et al. , which combined EELS (electron energy 
loss) experiments with a theoretical analysis also concluded that the Ohmic loss 
effects were minimal for the manganites [59]. 

Matrix Element Effects. From section 3, we know that the ARPES intens- 
ity contains the photoemission matrix element M(fc, u) = \(f\A • j7| 7 ) | 2 . This 
matrix element typically has energy and momentum dependence and while 
it mostly just affects intensities, it can also modify the EDC and MDC line 
shapes. We have tested the ARPES spectra at various photon energies ranging 
from 20eV to 50eV and with various polarizations. Although the observed line 
shape does change a little bit, the weight loss behavior at Ep is universal. Thus 
we believe that the pseudogap is intrinsic. Additionally, this pseudogap effect 
can be observed in other probes such as the optical conductivity. Figure 3.15 
shows the optical conductivity data on LaL^Sri.sM^Oy from Ishikawa et al. 
[60]. Since the optical conductivity probe is less sensitive to the surface, it 
should represent more bulk properties. Notice that essentially no Drude peak 
is observed in these spectra. Thus the u = 0 charge dynamics is greatly sup- 
pressed in both the ARPES and optical conductivity- something not expected 
for conventional metals. We argue that both effects are due to the presence of 
the pseudogap. 

5.2.2 Intrinsic Origins. Intrinsic possibilities to explain the pseudogap 
that have been discussed in the literature include the Jahn-Teller polaronic effect 
[8,9, 10], bipolaronic effects [11], strong on-site Coulomb interactions [61], and 
electronic phase separation [13, 14, 15]. Here we concentrate our discussion on 
an explanation which includes a variety of the above effects but which centers 
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Figure 3.15. Optical conductivity measurement on Lai. 2 Sri. 8 Mn 207 done by Ishikawa et al. 
[60]. The absence of the Drude weight is seen at u = 0. 



around charge and orbital density waves. A key to the arguments we make is 
the strong nesting instability which is derived from the peculiar Fermi surface 
topology. 

In figure 3.1 1(a), the experimental Fermi surface is seen to have quite straight 
sections, making it unstable against density wave formation. We begin our 
discussion of density waves by considering a real space doubling of the unit 
cell, due for example to a checkerboard-like arrangement of the charge density. 
This doubling of the real space unit cell leads to a halving of the k- space unit cell 
or Brillouin zone. This leads to an extra set of “folded-back” bands, illustrated 
in figure 3.16 by the dashed lines, which are shifted from the original bands 
(thin line) by a reciprocal lattice vector G. Since the original dispersion and 
its replica have the same symmetry, they will hybridize at the crossing point 
with the resultant bands shown as the thick curves with minimum separation 
2 A. The opening of the CDW gap A will only be energetically favorable if the 
Fermi energy sits in the gap region, for then the energy of the electrons in the 
lower band will be lowered. If the CDW ordering vector G is very close (or 
identical) to the vector q that connects two sections of Fermi surface, then Ep 
should lie in the gap and the above scenario might happen. 

The above argument shows that the Fermi surface topology clearly plays a 
very important role in determining whether CDWs will form or not. Consider 
a one dimensional electron gas. The so-called Lindhard response function can 
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Figure 3.16. Schematic plot illustrating the formation of the charge density wave gap. Thin 
solid curve represents the free electron band and dashed curve represents its replica due to the 
zone folding effect. Thick solid curve represents the resulting hybridization of them. 



be calculated and it has the form: 

_ f d d k f k -f k+q 

XAQ) I /Q 

J (27T) d e k - 6 k + q 

where f k is the Fermi-Dirac distribution function at wave vector k, is the 
binding energy and d is the dimensionality of the system. For a one dimensional 
electron gas, the calculation yields: 



x (q) = - e 2 n(E F ) • In 



q + 2 kp 
q — 2 kp 



This response function diverges at q = 2kp. The divergence can be understood 
because this q connects the Fermi surface segments with the same energy and 
thus the denominator in the response function is 0 while the numerator is still 
finite. The situation is different if we have a two or three dimensional electron 
gas. Even though the denominator still approaches 0 as q — » 2kp, the numerator 
vanishes much faster (reduced Fermi surface space) and the overall effect is 
finite [62]. Having large straight segments of Fermi Surface such as those 
shown in figure 3.19 make the system quasi-one dimensional and much more 
susceptible to density wave formation. In other terms, large portions of the FS 
will be gapped, gaining more energy and making the distortion more likely. The 
fact that the entire FS can be affected by these vectors means that there will be 
no ungapped portions remaining, consistent with the insulating behavior above 

T c . 
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The q vector that most naturally connects the straight FS segments is 
(±0.3, 0) or (0, ±0.3) in units of ^ (black lines in figure 3.19). A charge dens- 
ity wave corresponding to this wave-vector would have a modulation period of 
0^3 or 3.3 lattice constants in real space. Such a distortion has in fact been re- 
cently observed in diffuse X-ray and neutron scattering measurements as a weak 
superlattice reflection with momentum transfer q = (0.3, 0, 1) = (^^,0, 
(figure 3.17, filled symbols) [33, 34, 63]. These reflections are broad in g-space, 
implying that they only exist with short range order, with a coherence length 
determined to be roughly 20 A in the plane. An analysis of the intensities of 
109 of these superlattice peaks has been carried out to determine the atomic dis- 
placements associated with this CDW. What was found was a slowly modulated 
(period 3.3a) cooperative Jahn-Teller style distortion of the MnQ octahedra, 
with the strength of the distortion presumably matching the amplitude of the 
charge modulation (figure 3.18(a)) [64]. Thus it is natural to believe that the 
ordering observed in these scattering measurements have as their origin the FS 
nesting uncovered here. 

The coupling of the nesting-induced CDW with the Jahn-Teller distortion 
helps explain more of the details of the ARPES spectra. For example, the 
pseudo-gap depletes spectral weight from a large energy range (~ leV) around 
Ep, which is a very large energy scale for a CDW style gap alone. Further, the 
gap edges are experimentally observed to be “soft” or gently sloping, as opposed 
to the sharp edges expected from a simple CDW gap. The cooperation of the 
CDW with the Jahn-Teller distortion explains these unusual phenomena, as the 
typical energy scale of the Jahn-Teller distortion is near leV. In addition, the 
X-ray scattering results indicate that the magnitude of the Jahn-Teller distortion 
varies in space, meaning that the resulting gap will have various energy scales 
and so the gap edge will be soft. This also implies that the carrier hopping 
probability will vary from one site to another. Recent theoretical calculations 
suggest that if such a variation in tij exists, then nanoscale phase separation 
and percolative conduction are expected [13, 14, 37, 38, 39]. 

We have shown that the pseudogap begins to fill in as the temperature is 
lowered through T c (see figure 3.14). This is consistent with the weakening of 
the CDW ordering in the metallic phase. Although the scattering experiments 
cannot observe them in the ferromagnetic phase, a pseudogap is still observed 
to a lesser degree and the Fermi surface segments are still very straight. We take 
this as an indication of nanoscale fluctuating remnants of the ordering below 
T c - they fluctuate violently in both space and time such that the scattering 
experiments are not able to observe them, but they nonetheless still very much 
affect the electronic structure. 

An additional type of weak superlattice reflection is observed in the para- 
magnetic state in the X-ray scattering experiments on these crystals. This is 
the so-called CE ordering (figure 3.17, open circles) and has a wave-vector 
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Figure 3.17. Temperature dependence data of the intensities of the diffuse X-ray scattering 
peaks at (0.3,0, 1) (solid diamonds) and at (0.25,0.25,0) (open circles). Courtesy of D.N. 
Argyriou. Also see L. Vasiliu-Doloc et al. [33]. 
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orbital ordering (0.3,0, 1) 




Figure 3.18. (a) Statistically averaged real space lattice distortion from the orbital ordering 

(0.3,0, 1). (b) Electron density distribution calculated from panel (a). Figure taken from B. 
Campbell et al. [64] 
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Figure 20 

Figure 3. 1 9. Overlay of ARPES Fermi surface with the orbital ordering vector (0.3, 0, 1 ) (black 
arrows) and CE ordering vectors (0.25, 0.25, 0) (red arrows). 



qcE — (0.25, 0.25, 0) = (^, 0). This is the combination of antiferromag- 

netism and charge/orbital orderings and is a real space ordering similar to (but 
different than) a checker board. The CE vectors are drawn in figure 3. 19 as the 
red arrows, and they are found to be only slightly shorter than the ideal nesting 
vector. This proximity to the nesting instability means that it can still partly gap 
the near-Fermi energy states, although presumably with less effectiveness than 
the (0.3, 0, 1) vector. This is consistent with the neutron scattering experiments, 
which found the CE superlattice peaks to fluctuate more dynamically than the 
(0.3,0, 1) peak. However, at very high temperature where double exchange 
and the FS topology are less meaningful, the real-space CE ordering should 
stabilize compared to the k space-driven (0.3, 0, 1) ordering. 
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6. Summary, Conclusion and Outlook 

We have discussed the electronic structure and Fermi surface of the CMR ox- 
ides, with special emphasis on ARPES measurements of the bilayer compound 
Lai. 2 Sri. 8 Mn 207 . An important and unexpected finding is that of a pseudogap, 
which removes a huge portion of the spectral intensity near Ep. The pseudogap 
is strongly temperature dependent with a turn-on at T c , and appears to be relev- 
ant for explaining the "colossal" change in conductivity at the metal-insulator 
transition. 

We argue that the pseudogap is likely to be a kind of dynamic charge density 
wave gap originating from a Fermi surface nesting instability with wave vector 
(±0.3,0). In real space, this wave vector should give rise to charge density 
modulations with periodicity roughly 3.3 unit cells, and these have recently been 
observed as superlattice reflections in X-ray and neutron scattering experiments. 
These experiments additionally indicate that the charge density wave couples 
to the lattice through distortions of the MnOfc octahedra with the same 3.3 cell 
periodicity. This coupling to the lattice can help explain the large energy scale 
as well as the soft edges of the pseudogap observed in the ARPES experiments. 
The short-ranged nature of these correlations favors local inhomogeneity, which 
also may be an important component of the physics of these compounds. 

In the future, we imagine that we will be able to extend these types of meas- 
urements to a wide range of doping levels and sample types. We hope that 
the “kink” experiments discussed in section — will be performed with higher 
resolution and statistics, and for all temperatures, so that the relevant phonon 
modes and coupling strengths can be fully uncovered. We also imagine that 
spin and angle resolved photoemission experiments will be carried out at high 
resolution, allowing an extraction of all of the relevant quantum numbers. Cer- 
tainly colossal magnetoresistance will remain an exciting field of research for 
quite some time. 
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Abstract Extensive experimental results are presented on the multi-scale phase modula- 
tion phenomena observed in colossal magnetoresistance manganites. Two key 
types of phase inhomogeneities directly relevant to the colossal magnetoresist- 
ance (CMR) are discussed. The first type involves micrometer-scale coexistence 
of structurally and electronically different phases. We present extensive ex- 
perimental data for a prototypical system exhibiting such a phase coexistence, 
(La,Pr) 5 / 8 Ca 3 / 8 Mn03. These data reveal that percolative transport phenom- 
ena play the key role in the metal-insulator transition in this system, and are 
largely responsible for the significant magnitude of the magnetoresistance. The 
phase composition of the multiphase states is governed by both the electron 
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correlations and the effects of martensitic accommodation strain. The second 
type of an inhomogeneous state is realized in the paramagnetic state commonly 
found in manganites at high-temperatures. In this state, nanometer-scale struc- 
tural correlations associated with nanoscale charge/orbital ordered regions are 
observed. Experimental investigation of numerous manganite systems indicates 
that these correlations are generic in orthorhombic mixed- valent manganites, and 
that the correlated regions play an essential role in the CMR effect. This chapter 
is organized as follows. An introduction to the subject is given in Section 1. 
In Section 2, the phase diagram of (La,Ca)MnC >3 is presented. Electronic and 
structural properties of both the high- and low-temperature phases are discussed. 
Section 3 is devoted to the studies of the micrometer- scale multiphase states in 
(La,Pr) 5 / 8 Ca 3 / 8 Mn 03 . In Section 4, high temperature nanoscale correlations 
are discussed. Extensive studies of electronic and thermal transport, and optical 
spectroscopy are presented. Section 5 focuses on x-ray scattering studies of the 
nanoscale correlations. Finally, Section 6 concludes this Chapter. 

Keywords: colossal magnetoresistance manganites, multi-scale phase modulations, phase 

coexistence, charge/spin/orbital correlations, percolative transport, martensitic 
accommodation strain 



1. Introduction 

The colossal magnetoresistance phenomena discovered in the early 90’s in 
mixed- valent manganites has stimulated world-wide research activities on the 
subject during the last decade [1, 2, 3]. Intense research has revealed many new 
aspects of this complex material system, which now turn out to be basic to the 
physics of correlated many-body systems. Several key phenomena observed in 
manganites, such as strong coupling among spin/charge/orbital degrees of free- 
dom, competition among several order parameters, and the resulting inhomo- 
geneous ground state, now appear to be broadly applicable to other correlated 
systems including high T c cuprates. Early experimental and theoretical results 
that uncovered many exciting physical properties are discussed in many excel- 
lent review articles (Ramirez, 1997 [4]; Coey, Viret, and von Molnar, 1999 [5]; 
Tokura and Tomioka, 1999 [6]), and in several edited books (Rao and Raveau, 
1998 [7]; Tokura, 1999 [8]; Kaplan and Mahanti 1999 [9]). One of us (SWC) 
also reviewed early experimental progress in 1998 and 1999 [10, 11]. Early 
works on optical spectroscopy of the manganites were reviewed by Noh, Jung, 
and Kim [12], Okimoto and Tokura [13], and Cooper[14]. An experimental 
overview of structure and transport of the manganites was prepared by Sala- 
mon and Jaime, 2001 [15] and a theoretical review by Dagotto, Hotta, and 
Moreo, 2001 [16] on phase separation phenomena in manganites. 

In this review, we cover the extensive progress made in understanding these 
interesting systems in the last about three years, with emphasis on multi-scale 
phase modulation phenomena. We include our recent experimental results that 




Multi-scale Phase Modulations in Colossal Magnetoresistance Manganites 



133 



provided unambiguous evidence for multiscale charge/lattice/orbital inhomo- 
geneity and the concomitant phase separation phenomena in the manganites. 
We begin with a discussion of the basic physics underlying these effects, and 
a brief summary of earlier relevant progress in the physics of the manganite 
system. 

Roughly speaking, colossal magnetoresistance (CMR) results from a 
magnetic-field-induced shift of the ferromagnetic Curie temperature, and the 
accompanying metal-insulator transition. The initial extensive research on the 
origin of CMR effect revealed two important aspects of the intriguing sys- 
tem. First, it appears that charge carriers in the mixed- valent manganites are 
(Jahn-Teller-type) polaronic. In other words, charge carriers in the eg band 
of Mn 3+ tend to be localized by accompanying lattice distortions and to be 
strongly dressed by clouds of phonons. The lattice distortions accompanying 
the carriers probably resemble local Jahn-Teller distortions and the polaronic 
nature of charge carriers was much emphasized. However, it is noteworthy that 
the exact nature (i.e., metallic or insulating) of the ground state of the many- 
polaron problem is still largely a mystery. The second important aspect, which 
is somewhat related to the Jahn-Teller polaron issue, is the unusually strong 
coupling among charge/spin/orbital degrees of freedom in manganites. For ex- 
ample, when charge carriers in the e g orbital can hop readily from one Mn site 
to another, the double exchange mechanism produces ferromagnetic coupling 
between localized t 2 g spins [17]. However, when charge carriers tend to local- 
ize, superexchange coupling becomes active. It turns out that the magnitude as 
well as the sign of this superexchange coupling depends on the orbital charac- 
ter of the localized charge [18]. For example, when the e g orbital electron of 
Mn 3+ faces the neighboring Mn 4+ , the superexchange coupling between the 
Mn 3+ and Mn 4+ is ferromagnetic. Otherwise, the superexchange coupling is 
antiferromagnetic . 

The prototypical manganite system is Ca-doped LaMnCh, where the con- 
centration of Mn 4+ is controlled by the doping level of Ca? + into La 3+ sites. 
The general trend of physical properties with concentration variation of Mii* + 
(or Mn 4+ ) can be summarized in the following way: (1) When there are more 
Mn 3+ than Mn 4+ (i.e., x<0.5 in Lai-^Ca^MnOa), the ground state tends to be 
metallic and ferromagnetic, probably induced by the double exchange mechan- 
ism. (2) When there are more Mn 4+ than Mn 3+ (i.e, x>0.5), the ground state 
often becomes charge-localized (insulating) and, in fact, charge-ordered with 
intriguing patterns. Magnetic coupling in this insulator is dominated by super- 
exchange coupling, which is sensitive to orbital ordering. (3) Surprisingly, high 
temperature properties differ strongly from those of the ground state. At high 
temperatures, systems with jc< 0.5 tend to be more insulating than those with 
jt>0.5. For example, the ground state of La 5 / 8 Ca 3 / 8 Mn 03 is ferromagnetic- 
metallic, but the system becomes insulating above the Curie temperature. Thus, 
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we may conclude that the Jahn-Teller polaron nature is a controlling effect for 
x<0.5 at high temperatures. The details of these aspects are well discussed in 
various review papers [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16]. 

Recently, there has been an unexpected turn of events in manganite research. 
The steadily accumulating body of experimental results clearly indicates that the 
mixed- valent manganite system is electronically/magnetically inhomogeneous 
so that a Hamiltonian approach may have severe limitations. This inhomogen- 
eity appears at various length scales as well as time scales. Trivial inhomo- 
geneity such as chemical inhomogeneity through inappropriate synthesis of 
materials is partially responsible. However, there are non-trivial inhomogen- 
eities not directly related to the origin of CMR effects. For example, in the 
low doping range with jc<~ 0.1 and x>~0.9 in Lai_ x Ca x Mn 03 , the system is 
a weakly doped antiferromagnet, with a tendency to exhibit very-small-scale 
(likely nano-scale) phase mixtures of an antiferromagnetic phase and a ferro- 
magnetic phase. In fact, this is a general trend when carriers are introduced into 
antiferromagnetic (especially, Mott-type insulating) oxides. 

There are, however, two important non-trivial inhomogeneities (or phase 
modulations) in mixed- valent manganites that can be relevant to CMR effects; 
these CMR-related phase modulations are the main theme of this chapter. 
One non-trivial phase modulation occurs at low temperatures with micro- 
meter length scales. For example, in Pr 3+ -substituted La^Ca^MnOs, 
ferromagnetic-metallic regions and charge-ordered insulating regions coexist 
at low temperatures with sub-micro-meter scales. The relative volume of the 
electronically/magnetically distinct regions varies with Pr substitution. Further- 
more, this relative volume is sensitive to applied magnetic field (favoring the 
ferromagnetic-metallic state), which leads to huge negative magnetoresistance. 
It turns out that long-range strain, resulting from the significantly-different crys- 
tallographic structures of the metallic and insulating phases, plays an important 
role in producing large-length-scale phase coexistence in the system. This tend- 
ency resembles what generally happens in martensitic phase transformations. 
In martensitic systems, crystallographically-different phases can coexist at low 
temperatures to accommodate the significant long-range strain associated with 
martensitic transformation. Therefore, it appears that manganites are a wonder- 
fully unique system in which martensitic effects and strongly-correlated physics 
both play critical roles. 

The other important inhomogeneity is related to the presence of nano-scale 
charge/orbital correlated nano-clusters (or nano-scale charge/orbital ordering) 
in the background paramagnetic state above the Curie temperature. For ex- 
ample, above the Curie temperature of 275 K in La 5 / 8 Ca 3 / 8 Mn 03 , nano- 
scale charge/orbital ordering has been observed. Furthermore, the nano-scale 
charge/orbital ordering is correlated with the insulating nature of the system 
above the Curie temperature. In fact, systematics of various manganites re- 
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veal that the insulating nature above the Curie temperature is always associated 
with the presence of charge/orbital correlated nano-clusters, existing only in 
the orthorhombic crystallographic structure. The theoretical reexamination of 
the exact role of Jahn-Teller polarons as well as polaron-polaron correlations 
in the insulator above the Curie temperature will be essential to understand the 
systematics. 

To address the non-trivial phase modulations that are directly related to CMR 
properties in mixed- valent manganites, we organize this chapter as follows. A 
revisited phase diagram on (La,Ca)MnQ 3 system covering high temperature 
structural transition boundaries is discussed in Section 2. Carrier-concentration- 
dependence of various electronic and thermal transport properties is also presen- 
ted in this section to complete the phase diagram of this prototypical system. In 
Section 3, new experimental findings are discussed, especially relating to the 
phase separation phenomena with sub-micro-meter scales at low temperature. 
We focus on the (La,Pr,Ca)MnC >3 system produced with varying chemical pres- 
sure. Magnetotransport, electron microscopy, and optical conductivity studies 
are used to investigate extensively the nature of the low temperature phase sep- 
aration. In Section 4, high temperature-nanoscale phase modulations are ex- 
plored in (La,Ca)Mn 03 systems using various experimental approaches such as 
electronic/thermal transport and optical conductivity measurements. Section 5 
focuses on the nanoscale phase coexistence problem studied with x-ray/neutron 
scattering measurements. Section 6 concludes this chapter. 

2. Phase diagram of Lai_. r Ca,,.Mn0 3 revisited 

2.1 Construction of the phase diagram of (La,Ca)Mn0 3 

The perovskite manganite (La,Ca)MnQ 3 is a prototypical system that exhibits 
various ground states as a function of carrier concentration. The Ca ionic size 
is almost identical to the La one, and thus a true solid solution forms in the 
entire range of Ca concentrations with minimal disorder effects, which might 
come from a size mismatch of the A-site ions in the ABO^ perovskite structure. 
By varying relative ratios of La and Ca, we can explore the influence of carrier 
concentrations on the physical properties of this system. 

To accurately obtain desired carrier concentrations, a large number of poly- 
crystalline Lai_ x Ca x Mn 03 specimens with high density were prepared with 
similar synthesis conditions. The prepared Ca concentrations include x=0.0, 
0.03, 0.04, 0.05, 0.08, 0.1, 0.125, 0.15, 0.2, 0.21, 0.25, 0.3, 0.333, 0.375, 
0.4, 0.45, 0.48, 0.5, 0.52, 0.55, 0.6, 0.625, 0.65, 0.666, 0.67, 0.7, 0.75, 0.8, 
0.83, 0.875, 0.9, 0.95, and 1.0. The appropriate mixtures of pre-baked L^ 03 , 
CaC 03 , and Mn02 underwent solid-state reaction at 1 100-1400 °C in air for 
four days, and the samples were furnace-cooled. Because of the different va- 
porization rates of the starting constituent materials, initial low temperature 




136 



COLOSSAL MAGNETORESISTIVE MANGANITES 



calcining with frequent regrindings was performed. In addition, the polycrys- 
talline samples near the phase boundary such as ones near *=0.5 (*=0.485, 0.49, 
0.495, 0.5, and 0.51) and near *=0.20 (*=0.185, 0.19, 0.195, 0.20, and 0.21) 
were synthesized. To get more accurate oxygen stoichiometry, the samples 
for *<^0.2 were post-annealed in a flowing nitrogen gas, and the samples for 
*>~0.8 in an oxygen for 12-60 hours. 

A previous study has focused on low temperature phase diagram based on 
the detailed measurements of magnetic susceptibility (x) (or magnetization) 
[10]. The data were still incomplete to understand detailed phase diagram. 
In this study, we extended our measurements to resistivity (p), thermal con- 
ductivity (k) and thermoelectric power (S) at low temperatures to determine 
doping-dependent variations of electronic (charge) and phononic (lattice) de- 
grees of freedom in the system. In addition, to complete the phase diagram, 
we also determined structural phase transition temperatures as a function of Ca 
concentrations through the high-temperature-dc resistivity measurements. 

2.2 High temperature structural phase transitions 

High temperature p was measured with a transport stick located inside a 
quartz tube in a furnace. Temperature was measured with a Pt and Pt-Rh ther- 
mocouple from 300 to ~1000 K. The thermocouple was pre-calibrated as a 
function of temperature. In each measurement, we used the conventional 4- 
probe technique with silver or gold pastes suitable for high temperature meas- 
urements. Depending on the carrier concentration, care was taken to flow a 
mixture of nitrogen and oxygen gases so that oxygen stoichiometry of a sample 
does not change while measuring resistivity at high temperatures above ~500 
K. As explained above, when prepared in air, samples with *<~0.2 tend to ab- 
sorb oxygen, while samples with *>~0.8 are susceptible to oxygen deficiency. 
Thus, larger amount of nitrogen gas were flown for low * samples while larger 
ratio of oxygen gas was required for high * samples. In all the measurements, 
we verified that both resistivity value and structural transition temperature of 
each sample are reproducible after several cooling and heating runs. 

Fig. 4.2(top panel) shows that the Jahn-Teller distortion of *=0.0 occurring 
around 758 K is accompanied by a sharp increase of p. It is known that the 
Jahn-Teller distortion in a Mn 3+ ion gives rise to a cooperative ordering of 
e g orbitals in the orthorhombic ab plane. Structural analysis revealed that the 
orbital ordering for the *=0.0 sample leads to an elongation of a- & b- axes 
and a shortening of oaxis, stabilizing the so-called O -structure (a>b>c/V 2 
) below 758 K (754 K) for heating (cooling). [We are using an orthorhombic 
Pbnm notation, in which a~ y/2 a c , b~ V2a c , and c~2a c , where a c is the 
cubic perovskite lattice constant.] At those temperatures, there exists a sharp 
increase of p , as shown in Fig. 4.2 (top panel). As doping * increases, the 
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Figure 4.1. Phase diagram of Lai-^Ca^MnOa. There exist well-defined anomalies at com- 
mensurate concentration of x=N/8 (N=l, 3, 5, and 7) at low temperatures. PI: Paramagnetic 
Insulator, FMM: Ferromagnetic Metal, COI: Charge Ordered Insulator, AFI: Antiferromagnetic 
Insulator, FI: Ferromagnetic Insulator, and C AFI: Canted Antiferromagnetic Insulator. Structural 
transitions occur at high temperatures. R: Rhombohedral, O' \ Orthorhombic with Jahn-Teller 
distorted, and O : Orthorhombic with octahedron rotated. 
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Figure 4.2. Upper panel: high temperature resistivity data of Lai_ x Ca x Mn 03 (0.0< x <20). 
Structural transition temperatures from rhombohedral (high temperature) to O' -orthorhombic 
(low temperature) are indicated as arrows. The inset indicates that the structural transition 
temperature of x=0.2 is located around 36 K. Bottom panel: high temperature resistivity data of 
Lai-zCa^MnOs (0.0<x<0.375) showing evolution of another structural transition temperatures 
(arrows) from rhombohedral (high temperature) to O-orthorhombic (low temperature). 



increase of p at the transition becomes reduced and transition width becomes 
broad, indicating the Jahn-Teller structural transitions become more incoherent 
with carrier concentration x increases. Furthermore, the transition temperature 
(arrows in the top panel of Fig. 4.2) decreases systematically. At jc= 0.20, this 
transition seems to be located at 35 K as indicated by a derivative of p (the 
inset of Fig. 4.2). The structural distortion of jc= 0.20 at such a low temper- 
ature should be confirmed later with other techniques. Above the Jahn-Teller 
distortion temperatures, it is known that a normal orthorhombic structure ( O 
type; a^b>c/V 2) is stabilized. The systematic evolution of the Jahn-Teller 
transition temperatures is summarized in Fig. 4.1 as crosses (+). 
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Figure 4.3. Upper panel: high temperature resistivity data of Lai- x Ca x Mn 03 (0.375<jc 
< 0.80). Structural transitions from rhombohedral (high temperature) to O-orthorhombic struc- 
ture are indicated as arrows. The inset shows that two high-temperature structural transitions of 
x=0.0 have large thermal hysteresis, showing the first-order nature. Bottom panel: high temper- 
ature resistivity data for jc= 0.9 and 1.0 exhibiting the structural transition temperatures (arrows). 
The inset shows derivative of resistivity of the jc= 0.9 sample, indicating a structural transition 
around 980 K (arrow). 
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On the other hand, in the bottom panel of Fig. 4.2 and in the inset of Fig. 
4.3, another structural phase transition is clearly identified at 1031 K (1028 K) 
for heating (cooling) in the x=0.0 sample. By monitoring temperatures where 
a sudden drop of p occurs, we determined evolutions of the structural transition 
temperatures with increasing carrier concentrations. The arrows in the bottom 
panel of Fig. 4.2 show that the structural transition temperature decreases 
systematically down to 722 K as x approaches 0.25 from 0.0. Radaelli et al 
[19] reported an orthorhombic ( Pbnm ) to rhombohedral (R3c) transition near 
725 K for Lao.7Cao.3Mn03 from a neutron diffraction study. This result is 
consistent with the present transport studies. Therefore, this high temperature 
structural transition is attributed to be one from O-orthorhombic {Pbnm) to 
rhombohedral {R3c) symmetry. As further shown in Fig. 4.3, the transition 
temperature again increases with x until it reaches a broad maximum near 1000 
K for x^0.80, and finally decreases above x=0.80. The structural transition 
temperatures for both x=0.9 and 1.0 are indicated the bottom panel of Fig. 

4.3 and its inset. Systematic doping-dependence of the structural transition 
temperatures is summarized in the phase diagram of Fig. 4. 1 . 

It is noteworthy that the transition temperatures from O-orthorhombic 
{Pbnm) to rhombohedral {R3c) structure display an interesting electron-hole 
symmetry as a function of carrier concentration. In other words, a minimum 
temperature for the structural transition occurs near x=0.25 (hole doping), while 
a maximum exists near x=~0.75 (~0.25 electron doping). Those temperatures 
become lower below x=0.50 and higher above x=0.50, forming an asymmetric 
phase line centered at x=0.50. It is an interesting question to be answered how 
the evolution of high temperature structural transition is linked to the ground 
state properties of the system. 

2.3 Low temperature electronic/thermal transport and 
commensurate effects at x=N/8 

2.3.1 Low temperature phase diagram revisited: N/8 anomaly. In a 

previous review by Cheong and Hwang [10], the phase diagram at low temper- 
atures was constructed from detailed measurements of magnetic susceptibility 
primarily. The resulting phase diagram at low temperatures is summarized in 
Fig. 4.1. To characterize physical properties more extensively, dc resistivity 
(p), thermoelectric power (5), and thermal conductivity {k) were measured in 
the (La,Ca)Mn03 system. Temperature-dependent p, S, and k are displayed 
in Fig. 4.4, 4.5, and 4.6, respectively, for various Ca concentrations (x) in 
Lai_ x Ca x Mn03. The p, 5, x (=M/H), and k values at 100 K and 300 K 
for various x are summarized in Fig. 4.7. The electronic/thermal transport 
data were measured in a closed-cycle cryostat equipped with a turbo-molecular 
pump. For S and k measurements, a steady-state method was employed, using 
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Figure 4.4. Low temperature-resistivity data of Lai_ x .Ca x Mn 03 . At Curie temperature, each 
compound shows decrease of resistivity while resistivity increases at charge ordering temperat- 
ure. Those ordering temperatures are consistent with the phase diagram shown in Fig. 4.1. See 
texts for details. 



a radiation shield and a precalibrated type E-thermocouple. In particular, for 
n measurements, high-density samples made with similar synthesis conditions 
were used to reduce thermal conductivity errors coming from the grain boundary 
scattering in polycrystalline specimens. Both perovskite LaMnQ and CaMnOj 
are antiferromagnetic insulators. The Mn valence in LaMnCh is +3 anc * 

one in CaMn 03 is +4 (t^) so that Mn ions in Lai_ x Ca x Mn 03 becomes mixed- 
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Figure 4.5. Temperature (T) dependent-thermoelectric power S of Lai -x Ca x M 11 O 3 at various 
doping ranges. At low temperature region of ferromagnetic metallic samples with 0.20< jc 
<0.48, S value is very small, while at low temperature regions of charge ordered samples 
with 0.50 <jc<0.875, S becomes large negative. At high temperature region above ordering 
temperatures, S shows a continuous evolution from positive to negative as doping jc increases. 
For jc<0.20, S value is large positive at high temperature and decreases abruptly near 7c, and 
becomes large negative at lower temperatures. 



valent. LaMnC >3 becomes a good insulator below the Jahn-Teller distortion 
temperature 758 K (see Fig. 4.2), because Mn 3+ is a good Jahn-Teller ion, and 
the doubly degenerate e 9 bands become split due to the Jahn-Teller distortion. 
In this special O' -orthorhombic structure, LaMnC >3 is known to become an 
A-type antiferromagnet below 140 K, wherein ferromagnetic coupling exists in 
the orthorhombic basal plane and antiferromagnetic coupling perpendicular to 
the basal plane. Antiferromagnetic superexchange interaction between Mrf + 
ions via an intervening oxygen makes CaMnCh a normal G-type antiferromag- 
net. Therefore, the initial Ca-substitution in LaMnO^ produces hole carriers 
in the Jahn-Teller split e g band, and the low doping of La in CaMnQ 3 induces 
electrons in the empty e g band. Consistent with this, thermoelectric power 
S data at high temperatures (Fig. 4.5) display large positive values for low 
hole doping samples and large negative values for low electron doping ones. 
The real hopping of e g electrons between Mn 3+ and Mn 4+ through an oxygen 
ion produces a ferromagnetic coupling in the double exchange (DE) mechan- 
ism. Therefore, the increase of Ca-substitution produces the smaller resistivity 
and thermoelectric power values. However, the low Ca doping samples with 
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Figure 4.6. 7-dependent thermal conductivity n plots of Lai_. c Ca x Mn 03 . n in manganites is 
mostly related to the phonon contribution so that increased local anisotropic lattice distortions 
can make n values decrease. 



0. 0<x<~0.2, is still insulating even with ferromagnetic or canted antiferro- 
magnetic coupling. Similarly, the samples with high Ca doping (x>0.875), 

1. e., low La doping into CaMn 03 , produces insulating behavior, possibly with 
a canted-antiferromagnetic coupling. Other interactions such as Jahn-Teller 
distortion and phase segregation tendency in the low-hole doping regime seem 
to overcome the DE mechanism, and produce the insulating behavior even if 
a slight decreases of resistivity are observed near Tq for both x=0.15 and 0.2 
(Fig. 4.4). In addition, superexchange coupling between Mn 4+ and Mn 3+ ions 
can be either antiferromagnetic or ferromagnetic depending on the relative % 
orbital orientation [18]. 

In samples with 0.2 <jc< 0.5, where the CMR has been observed, a paramag- 
netic insulating-to-ferromagnetic metallic transition occurs upon cooling due to 
the DE mechanism. At the transition, a sharp drop of p is observed, as shown, 
for example, in the data of x=0.375 in Fig. 4.4. Then, S values below Tq 
become very small (|5 f |< 1 /iV/K), consistent with the creation of the metallic 
carriers (See Fig. 4.5 and Fig. 4.7). For the higher doping range with x>0.5, 
doped charge carriers localize and order with stripe modulations at a charge 
ordering temperature Tqo [10], and an antiferromagnetic ordering occurs at 
lower temperatures (at the Neel temperature 7 n)« The charge ordering is ac- 
companied by a sharp increase of resistivity for doping ranges 0.5 <x<0.875. At 
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Tco, S values of these samples decrease sharply upon cooling to become more 
negative. The striped ordering of charge carriers reflects a generic tendency 
toward microscopic (nano-scale) electronic phase separation in the system, due 
to strong electron-lattice and electron-electron interactions. 

The systematic behaviors of p and S observed in Fig. 4.2-4.5 are well sum- 
marized in Fig. 4.7, displaying the p and S data at 100 K and 300 K with varying 
x. The p values at 100 and 300 K for low hole doping regions are quite larger 
than those for low electron doping regions. This indicates that the presence 
of Jahn-Teller distortion is responsible for the p increase. For ferromagnetic 
metallic regions with 0.2<*<0.5, both p and S become quite small. The p 
and S increases at 100 K for 0.5 <x<0.875 are consistent with localization of 
charge carriers with charge ordering. As is evident in the phase diagram, there 
are well-defined features at the commensurate carrier concentrations of *=N/8 
(N=l,3,4,5, and 7) in Lai-^Ca^MnOa. It is also found that there exist inter- 
esting electron-hole symmetry in the phase diagram; Tq becomes maximum 
at *=3/8 and Tqo peaks at *=5/8 with similar Tq and Tqq temperatures. As 
another interesting features at commensurate carrier concentrations, Fig. 4.7 
reveals that a slight anomaly of p values exists at 300 K near the *=0.50 com- 
pound. In addition, x values at T=300 K display a strikingly sharp peak at 
*=3/8 composition. These high temperature anomalous features observed for 
*=1/2 and 3/8 compounds will be discussed in detail in Section 4. Interestingly, 
the compound *=0.5 is located at the *-dependent first-order phase-transition 
line between ferromagnetic (FM) metals (*<0.5) and charge-ordered insulators 
(*>0.5) at low temperature. The *=0.5 sample exhibits both ferromagnetic and 
charge-ordering temperatures at 220 K and 180 K (warming), respectively. It 
turns out that the FM metallic and CO insulating phases coexist even at the 
lowest temperature. Therefore, as shown in the inset of x plot in Fig. 4.7, the 
saturated magnetic moment M estimated at H = 5 T and T=5 K displays gradual 
decrease of ferromagnetic moment as the system crosses the first-order phase 
transition line to become a charge-ordered insulator. 

2.3.2 Thermal conductivity vs local lattice distortions. To gain fur- 
ther insights on *-dependent local lattice distortions, we measured T -dependent 
thermal conductivity (k) of Lai-^Ca^MnOa (Fig. 4.6: heating). The k values 
ofLai_ x Ca x Mn0 3 are relatively small, showing about 1-3 WK -1 m _1 at room 
temperature. Even the largest value observed in ferromagnetic samples reaches 
only about 4 WK -1 m -1 at low temperatures. At T above Tq of ferromagnetic 
samples with 0.2<*<0.5, k(T) increases linearly with increasing T , which is 
reminiscent of non-crystalline solids. A previous work on the FM mangan- 
ites has attributed the anomalous behavior of k, i.e., a linear increase above 
Tq to the phononic k, coupled with large anharmonic lattice distortions 
[21]. In addition, it has been known that an electronic thermal conductivity, 
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Figure 4.7. Summaries of resistivity p, magnetic susceptibility thermoelectric power 5, 
and thermal conductivity k values at 7=100 (open squares) and 300 K (solid squares) for 
Lai_ :r Ca, MnO;}. Solid (300 K) and open (100 K) circles represent the values measured in 
a previous study by Cohn et al.\22\. The inset of \ plot shows the saturated magnetic moment 
M, estimated at H - 5 T and 7=5 K. 
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Av e , of adiabatic small polarons, which might exist at T above Tq of the ferro- 
magnetic samples, is also very small [22, 23]. For all the Ca concentrations 
in Lai_ x Ca x Mn 03 , is negligible in the high temperature regions when it 
is estimated from the measured p in Fig. 4.4 and the Wiedemann-Franz law. 
Even if p values for single crystals are used, Kq is estimated to be only 20-40 % 
of total measured k [15]. Cohn et al. [22] found out that a magnon contribution 
to the observed n is also negligible. Furthermore, they found out that k values 
of either ferromagnetic or charge-ordered samples are inversely proportional 
to the degree of anisotropic lattice distortion of the corresponding compound, 
which can be estimated from neutron diffraction data. Thus, for all Ca dop- 
ing ranges of Lai_ x Ca x Mn 03 , it is concluded that the electronic contribution 
to k is negligible, and that the phonon contribution, directly coupled to large 
anharmonic lattice distortion, dominates the measured k. 

From those previous findings and x-dependence of k values at 100 K and 
300 K, summarized in Fig. 4.7, we can get interesting insights on x-dependent 
local lattice distortions of Lai_ x Ca x Mn 03 . First of all, k values at both 100 
and 300 K are quite enhanced at a commensurate hole-doping x=3/8. Even 
though further studies are necessary in samples with more fine doping spacing, 
Fig. 4.7 shows that a sharp increase of k at 300 K resembles that of \ * n the 
x=3/8. This observation indicates that at the commensurate doping of x=3/8, 
local anharmonic lattice distortions are minimized while the ferromagnetic cor- 
relation is maximized at 300 K. It is already well known [10] that 7c becomes 
maximal at x=3/8 and, thus, electron hopping does maximal in the DE mechan- 
ism. Therefore, in the context of existing strong electron-lattice coupling in the 
manganites, it can be inferred that the maximum electron hopping at x=3/8 is 
closely associated with the minimized local lattice distortions and maximized 
ferromagnetic correlation. 

On the other hand, quite low n observed at low temperatures in the charge- 
ordered samples, can be also attributed to long-range anisotropic lattice strains, 
resulting from the cooperative Jahn-Teller distortion and orbital ordering. Fur- 
thermore, systematic decrease of ^(100 K) observed when x approaches 0.0 
from 0.2, can be linked to the increased Jahn-Teller distortion and carrier 
localization. Therefore, inverses of the k values, summarized in Fig. 4.6 
and 4.7, well represent the degree of local lattice distortions and closely re- 
lated carrier-localization tendency in both high and low temperature regions of 

L^l-a;f'^x^ln03. 
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3. Phase separation in manganites 

3.1 Percolation model between two electronic phases 
in Lai-yPryCaa/sMnOa 

Extensive research on CMR in ferromagnetic manganites has established 
that magnetoresistance (MR) increases exponentially when Tq is reduced by 
e.g., varying chemical pressure [3]. Thus, enormous MR can be realized in low 
Tq materials. Since the CMR is realized only in such low Tq materials, it is 
important to understand how Tq is reduced from the optimum value of ~375 
K in (La,Sr)Mn 03 system with chemical pressure. The chemical pressure can 
be varied without changing the valence of Mn ions by substituting trivalent 
rare earths with different ionic size into the A site of ABO 3 perovskites [3]. 
This chemical pressure modifies the local structural parameters such as Mn-O 
bond distance and Mn-O-Mn bond angle, which directly influence the electron 
hopping between Mn ions (i.e., electronic band width). Because ferromagnetic 
coupling between localized Mn ti g spins is mediated by the hopping of e g 
electrons via avoiding the Hund’s rule energy (the DE mechanism) [17], the band 
width ( t ) reduction by chemical pressure can be consistent with the decrease of 
Tq in the DE mechanism. However, the detailed structural studies, combined 
with band structure considerations, clearly indicated that the t change is too 
small to account for the large decrease of Tq [10, 24, 25]. Furthermore, neutron 
scattering experiments on low-energy magnetic excitations in manganites with 
various Tq showed that the spin wave stiffness, proportional to t in the double 
exchange mechanism, changes little in different Tq manganites [26]. 

As an alternative scenario, it was suggested that the electron-lattice coupling 
(A), partially due to the Jahn-Teller effects, as well as t plays an important role 
in manganite physics, in particular, in low Tq materials with reduced bandwidth 
due to the chemical pressure effect. For instance, it was theoretically predicted 
that Tq is a strong function of t/X [27, 28, 29]. Therefore, one might speculate 
that the increase of A, in addition to the t decrease, results in the large Tq 
reduction by chemical pressure. However, the large change of A is not expected 
by the partial substitution of rare earths for the chemical pressure variation 
because A is basically a local physical parameter. Therefore, it was still puzzling 
in early 1999 why Tq is so strongly reduced by chemical pressure, and why 
CMR is only realized in the reduced Tq materials. 

Systematic experimental results in this section will show that the puzzling 
question of manganites is a direct consequence of percolative electronic phase 
separation in broad compositional ranges. Electronic phase separation, in gen- 
eral, refers to the coexistence of two or more phases with distinctly different 
electronic properties, which does not originate from chemical inhomogeneity 
or chemical phase separation. This electronic phase separation has also at- 
tracted considerable attention, particularly in the context of the high-T c su- 
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Figure 4.8. Upper panel: temperature dependent p for La 5 / 8 - y Pr it/ Ca 3 / 8 Mn 03 . Both cooling 
(solid lines) and heating (dotted lines) curves are shown. Bottom panel: Magnetoresistance of 
La 5 / 8 - y PryCa 3 / 8 Mn 03 in 4 kOe with field cooling. 



perconducting cuprates [30, 31]. Systematic investigations on the prototypical 
(La,Pr,Ca)Mn03 system will unambiguously indicate that percolative transport 
through charge-ordered insulator and ferromagnetic metal mixtures, resulting 
from electronic phase separation, plays the principal role in the CMR phe- 
nomenon. 

3.1.1 Magnetotransport study and percolative phase separation. In 

the phase diagram in Fig. 4.1 and in a previous study [10], Tq is known to be 
optimized for x=3/8 in both Lai_ x Ca x Mn03 and Lai_ x Sr x Mn03. In addition, 
in Pri_ x Ca x Mn03 with x near 3/8, long-range (1-r) charge ordering (CO), instead 
of ferromagnetic (FM) metallicity, occurs at low T. Interestingly, the resistivity 
(p) rise at the CO transition temperature (7co) in Pri_ x Ca x Mn03 was found 
to be most pronounced at x=3/8 even though Tqo changes monotonically near 
x=3/8. Therefore, the system of Lai_ x _ 2/ Pr 2/ Ca x Mn03 with a commensurate 
carrier doping x=3/8 was chosen to investigate chemical pressure effects on the 
FM and CO instability in a series of samples. 
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Fig. 4.8 shows 7-dependence of p and MR of La 5 / 8 _ 2 / Pr 2 / Ca 3 / 8 Mn 03 . First, 
7c, defined as 7 for the maximum slope of sudden p drop, decreases slowly 
with increasing y (0.0<y<0.25), but Tqo (~210 K), characterized by p upturn, 
does not depend on y (>0.3). Surprisingly, Tq is strongly suppressed down to 
~80 K after Tq coincides with Tqo of ~210 K (see the y=0.3 data), indicating a 
competition between FM and CO states. The most striking aspect, however, is 
that enormously large residual p (e.g., p Q ^2x 10 4 (2cm for y=0.4), much larger 
than the Mott metallic limit, develops for large y even though 7-dependence 
of p is metallic-like below Tq. Another interesting feature in Fig. 4.8 is that 
a significant hysteresis develops when Tq becomes lower than Tqo ^210 K. 
This hysteresis indicates the first-order- type transition in the system with two- 
phase coexistence. Even for 0.2<y<0.275 where no CO transition is indicated 
in p(T), the p hysteresis is clearly observable, and this hysteresis behavior 
appears to correlate with a broad p hump feature far below Tq. In the y=0 
and 0. 1 data, the p hysteresis is negligible, but a very broad p hump far below 
7c is clearly noticeable. This finding suggests the persistence of the two-phase 
coexistence even in La 5 / 8 Ca 3 / x Mn 03 . All these observations naturally suggest 
the possibility that FM metallic and CO phases coexist, and percolative transport 
through the metallic phase dominates the electronic conductivity. 

To further investigate this possibility, saturation moment and magnetization 
of this system was measured as shown in Fig. 4.9. First, for y>0.3, the satur- 
ation moment below 7c is significantly smaller than the full moment ( 4 p b) 
for the optimum Tq material of Lai_. T Sr x Mn 03 with x^3/8 (see Fig. 4.9 (a)). 
In addition, the ratio of the saturation moment (~0.6 fis) for y=0.4, close to the 
critical concentration (y c ) for the metal-insulator transition, and the full moment 
of 4 ji b is within the three-dimensional percolation threshold range of 10-25 % 
[32]. Furthermore, the M/H curves shown in Fig. 4.9 (b) clearly suggest that 
the metal-insulator (M-I) transition occurs at the percolation threshold value 
for each sample. The open circles in Fig. 4.9 (b) represent the M/H values at 
the metal-insulator (M-I) transition temperatures estimated from the p curves 
in Fig. 4.8 (a). Interestingly, the average of those M/H values (dotted line) 
is about 17 % of 8.1 emu/mol, the saturated M/H value of y=0.0. Thus, with 
changing 7, the M-I transition occurs when M of each sample becomes about 1 7 
% of that of y=0.0, independent of y value. If we assume that the 7-dependent 
volume fraction /(7) of the FM domain is proportional to M(7) in H - 2 kOe, 
the M-I transition with changing 7 occurs when / reaches ~0. 17, close to the 
three-dimensional percolation threshold (f c ). 

The MR of La 5 / 8 - 2 / Pr 2 / Ca 3 / 8 Mn 03 is also consistent with two-phase coexist- 
ence and percolative electronic conduction. The MR of L^/s-^Pr^Ca^/sMnC^ 
was measured in the relatively low field of 4 kOe, low enough to min- 
imize the change of the ground state (especially CO phase), but high enough 
to orient magnetic domains. As shown Fig. 4.8 (b), the MR peaks near Tq 
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Figure 4.9. (a) Saturation moments at 5 K (closed squares) and 130 K (open squares) of 

La 5 / 8 - y Pr y Ca 3 / 8 Mn 03 as a function of average ionic radius of La 5 / 8 -yPr y Ca 3 / 8 . Solid lines are 
drawn as guides for the eyes. The inset shows M(H) for y=0.35 at 130 K. The FM component is 
evident as indicated with a dashed line, and there exists a field-induced transition in high fields, 
(b) T-dependent M/H curves of Lavg.yPryCas/sMnOi in H = 2 kOe after zero field cooling. Open 
circles on the M/H curves depict the M-I transition temperatures determined from the p data 
in Fig. 4.8. The dotted line represents an average of the M/H values at the metal-insulator 
transition temperatures, which is 17 % of 8.1 emu/mole, the saturated M/H value of y=0.0. In- 
dependent volume fraction of the FM domains, /(T), for each y, can be determined from f(T,y) 
= M y (T)M 0 .o(T). 



result from the shift of Tq to higher T by applying field, MR increases with 
decreasing Tq, and MR becomes “colossal” in low Tq materials (particularly 
for 0.25 <y <0.4). One noticeable feature is the existence of a plateau in the 
MR for 0.25<y<0.375 at ~80 K<T <~210 K. This MR plateau is associated 
with the two-phase coexistence even at Tq <T<T c o- The FM behavior at 130 
K, between Tqo and Tq, for y=0.35 is clearly visible in the M(H) curve (inset 
of Fig. 4.9 (a)), and the change of this FM component at 1 30 K with y is shown 
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in Fig. 4.9 (a). The persistence of the FM component at 130 K for y up to 0.41 
indicates the two-phase coexistence even for Tq <T<Tqq . The saturation 
moment at 5 K in the same figure decreases sharply with y (>0.3) where Tq 
is strongly suppressed below ^80 K, corroborating the earlier discussion that 
two phases coexist for y>0.3 below Tq. It is noteworthy that the saturation 
moment at 5 K for 0<y<0.3, including y=0, is also slightly suppressed from 
the optimum value of ~4 /i B in Lai_ x Sr x Mn03 (jc^3/8; Tq ~375 K). This 
suggests the presence of a small amount of CO phase even for y=0, consistent 
with the earlier speculation from p hump. 



3.1.2 Thermal and electronic transport properties vs two-phase model. 

Various aspects of above electronic transport results are consistent with the 
coexistence of FM and CO phases, whose relative volumes change with both T 
and y, and the percolative M-I transition in FM-CO mixtures. T-dependent k 
and S are also shown in Figs. 4.10 (a) and (b). In addition, the p data in Fig. 
4.8 is redrawn as conductivity vs T in Fig. 4.10 (c). First, as explained in detail 
in Section 2, the measured k(T) for all y has the dominant phonon contribution. 
With increasing y, n(T) shows smooth variation from that of y=0.0 to that 
of y=0.625, and the k increase at Tq becomes smaller. Consistently, k vs. 
M y (7)/Mo.o(T) at 10 and 100 K (Fig. 4.1 1) shows that k varies monotonically 
from the maximum (k of y=0.0) to the minimum (k, of y=0.625). In comparison 
with k (and <r), S exhibits seemingly different behaviors with y. S is very close 
to the metallic values even near / c , where a (or k) is still significantly smaller 
than (Tm (or km). S vs. M^/Mq.o at 100 K (Fig. 4.1 1 (c)) clearly demonstrates 
this tendency; S is close to zero (slightly negative), and is insensitive to N^/Mo.o 
as long as M^/Mo.o >^10 %. In contrast, a at 100 K of M y /Mo.o = 10 % is 
more than three orders of magnitude smaller than that of M*/Mo.o = 100 % 
(y=0). In fact, T-dependence of S near Tq is also consistent with the metallic 
S behavior near f c . With decreasing T near Tq , S starts to decrease, i.e., 
becomes metallic at T higher than those for a and k changes. For example, in 
the heating curves of y=0.35, S starts to decrease around 130 K, significantly 
higher than T (~100 K) for abrupt n increase or T (~1 10 K) for a minimum. 
When thermal/electronic transport properties of the system are viewed as those 
of M-I mixtures, the above peculiar S behavior is, in fact, consistent with the 
theoretical prediction of effective thermoelectric power 4 by Bergmann and 
Levy [33]. For an isotropic M-I binary mixture, they showed that in terms of 
a, k, and S of each component, Se is given by 



5 e = S M + (5, - 

&E/VWI 



-i)/( 



cti/ctm 



- 1 ), 



(4.1) 



where the subscripts M and I refer to metallic and insulating components, re- 
spectively. k>e and Se refer to effective thermal and electric conductivity, re- 
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Figure 4.10. (a) Comparison of the experimental data and theoretical predictions of S(T) of 

La 5 / 8 -yPrj/Ca 3 / 8 MnC> 3 . Crosses (+) represent cooling curves for jc= 0.42 and 0.35, and the others 
represent heating data. The solid lines show the theoretical predictions, using the Eq. (1), for 
x=0.25, 0.35, and 0.42 with heating, (b) k(T) of Las/s-yPryCas/sMnCb. Solid circles show k data 
with heating, and crosses (+) represent n data with cooling, (k of y=0.0 and 0.625 with cooling 
were nearly the same with that with heating.) Solid lines show the theoretical predictions by 
using the generalized effective medium (GEM) equation (Eq. (2)) with t- 2 & f ( =0. 17. (c) S(T ) 
by the GEM equation (Eq. (2)). Solid squares are the experimental (heating) data redrawn from 
Fig. 4.8, and solid lines represent the theoretical predictions with t-2 &/ ( =0. 17 above ~80 K. 



spectively, of the binary mixture. This equation has been successfully applied 
to explain S behaviors of binary Al-Ge films [34] . When o\l(jy\ « k\ Ik m < 1 , 
which applies to our system, and for / = / c , the above equation leads to S E 
which explains our experimental results noted above. 

To quantitatively compare experimental results in Fig. 4.10 with Eq. 4.1c , 
we calculated cr E at every T. In this comparison, experimental a and k, shown 
in Fig. 4.10, were used for cr E and ke and (a\, jq, and Si) and (ctm, /% i, and Sm) 
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are assumed to be identical with those of y=0.0 and 0.625, respectively. The 
solid lines in the bottom panel of Fig. 4.10 (a) depict the calculated 4, using 
Eq. 4.1c, for heating curves of y=0.25, 0.35, and 0.42. The calculated curves 
match with our experimental S surprisingly well at all T below Tq or Tqo* 

For oe (or ke) of a binary M-I mixture, Mclachlan [35] proposed the gener- 
alized effective medium (GEM) equation, 
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(4.2) 



where A =( 1 -f c )lf c - The same equation also works for k. The critical exponent 
t is close to 2 in three dimension. This equation has been successfully applied to 
isotropic inhomogeneous media in wide/ regions including percolation regime 
[34, 35, 36]. 

By using above GEM equation, the k(T) for various y can be calculated 
with the assumption that k\ (T)=k(T) of y=0.625, /%j (T)=k(T) of y=0.0, t- 2, 
and/ c =0.17. The solid lines in Fig. 4.10 (b) represent the estimated ke for 
y=0.1, 0.25, 0.35, and 0.42. In addition, the calculated as a function of 
M^/Mq.o at 10 and 100 K is depicted as solid lines in Fig. 4.1 1 (b). Estimated 
ke lines in Figs. 4.10 and 4.1 1 coincide with the experimental data well. In 
order to confirm self-consistency, Se at 10 and 100 K is evaluated by using the 
calculated ge (see below) and ke (solid lines of Figs. 4.10 (b) and (c)), and 
the Eq. 4.1c. The calculated Se (solid lines of Fig. 4.1 1 (c)) with the variation 
of y is in good agreement with the experimental values. To apply the GEM 
equation to a(T), we assumed that f(T,y) = M^(T)/M 0 .o(T), cr M (T) = g(T) of 
y=0.0, and g\(T ) = a(T) of y=0.625. With the parameters t- 2 &/ c =0.17, the 
calculated ge for various y are shown as solid lines in Fig. 4.10 (c). At T ~80 
K, <je(T) nicely matches the experimental cr(T) even if a changes by 6 orders 
of magnitude with T and y. However, this agreement does not hold at very low 
T. The calculated ge (T) at T < 80 K with the same parameters t- 2 &/ c =0.17 
significantly deviated from the experimental g{T). We found that at T <80 K, 
the calculated ge(T) matches the experimental g(T) better when t is increased 
to ~4. 

This anomalous critical exponent at zero-field becomes more evident in the 
y dependence of p at 8 K. In Fig. 4. 12 (a), log fo is plotted as a function of log 
(y c -y) with y c =0.41. Surprisingly, there exists a linear region (0.4<y <0.275) 
in the log p 0 vs. log (y c -y) plot where p 0 changes about 7 orders of magnitude. 
The slope (~-6.9) of the linear region turns out to be much larger than the 
three-dimensional percolation prediction (~-1.9). In other words, with the 
decreasing volume of FM phase, p Q increases much faster than the simple 
percolation consideration. Furthermore, as seen in Fig. 4.12 (b), the slope still 
remains about -4 even when it is calculated from the log g q vs. log (f-f c ) plot 
with f c =0.17, where / and f c was determined from the FM volume fraction 
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Figure 4.11. a, k, and S values vs. M y /Mo.o at 10 and 100 K. The lines depict the theoretical 
predictions by Eqs. (1) and (2). The solid lines in a show the theoretical results with t = 4 & 
/ c =0.15 at 10 K and t=4 & / c =0.17 at 100 K. For the theoretical predictions (solid lines) of k at 
10 and 100 K, t-2 & f c =0.ll were used. 
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Figure 4.12. (a) log p Q vs. log (y c -v) plot for zero field (closed circle) and 4 kOe (open circle) 

with y c =0.41. For 0.275 <jc<0.4, there exists a linear relationship with the slope of -6.9 for 
zero field (-2.5 for 4 kOe). The dotted line with the slope of -1.9 represents the prediction 
of a percolation theory p 0 ~(y c -y) p . (b) o Q vs. (f-f c ) log scale plot redrawn from the data of 
(a), for zero field (closed circle) and 4 kOe (open circle) with/ r =0.17. Temperature-dependent 
volume fraction of the FM domains, /(T), for each y, was determined from the relation of f(T,y) 
= M y {T)/Mo.o(T) and the data in Fig. 4.9 (b). The two solid lines represent the prediction of 
GEM theory with <ji=0, cr M '(f-fcY, with the critical exponents f, 2 and 4, respectively. Note the 
GEM equation reduces to the percolation equation when oi=0. 
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in the magnetization data of Fig. 4.9. [Note that the GEM theory reduces to a 
percolation equation <r M ~(f-fc) 1 when g\ =0.] These observations demonstrate 
that f, normally close to a three-dimensional exponent of ^>2, becomes ^4 
at very low T. A similar, drastic increase of t has been noted in the case of 
tunnelling transport for M-I mixtures [34, 37], suggesting that a tunnelling 
process between FM domains is important for a of our system at very low T 
[38]. In other words, as will be also evident in a next section, the reduced 
electron conduction through FM regions can be responsible for the anomalous 
t value at zero field when the magnetizations of neighboring FM regions are 
not aligned. In summary, the unambiguous agreement between the measured 
thermal/electronic transport properties and the calculated values based on Eqs. 
4.1c and 4.2c strongly indicates that: (1) transport properties are dominated by 
thermal/electrical conduction in M-I mixtures, (2) the relative volume of the 
(FM) metallic phase is proportional to the measured M(T,y), and (3) the In- 
dependent transport and magnetic properties of metallic and insulating phases 
are always that of y=0 and 5/8, respectively. 

3,1.3 Electron microscopy study and colossal magnetoresistance. 

Direct evidence of the two-phase coexistence is provided by the change of 
the CO correlation length with y and T investigated by electron diffraction 
experiments. It is well established that superlattice peaks due to CO can be 
readily detected by electron diffraction [20, 39]. The dark-field image, obtained 
from a superlattice peak due to CO, at 20 K for y=0.375 in Fig. 4.13 (a) clearly 
exhibits the existence of CO regions even below 7c- The white domains are 
CO regions, and the dark domain (upper and middle part of the picture) is a 
charge-disordered, presumably, FM region. It was also unexpectedly found 
that the typical size of CO and FM regions at low T is on the order of several 
thousand angstroms. This micro-scale mixture is commonly observed in other 
compositions at low T, and is in contrast with the nano-scale mixture of CO and 
FM phases in Lao.sCao.sMnOa at ~150 K<T <220 K. 

In order to observe the T-evolution of CO, dark-field images at 17 K (Fig. 
4.13 (b)) and 120 K (Fig. 4.13 (c)) are taken for y=0.4. It is found that the CO 
regions are micro-scale (a few thousand angstroms in size) domains at 17 K, 
similarly to those of y=0.375, and become short-ranged, nano-scale domains 
at 120 K, as can be seen from the white spotted areas in Fig. 4.13 (c). From 
the non-zero saturation moment at 130 K even for y>0.25 and the presence of 
nano-scale CO regions in the dark field image at 120 K for y=0.4, it is inferred 
that the nano-scale coexistence of CO and FM observed in L^Cao.sMnOa 
is realized for 0.25 <y <0.4 at ~ 120- 130 K. One more surprise in the electron 
diffraction results was the observation of the 1/2-type super-lattice peaks 
(not shown) in all our specimens with the carrier concentration of 3/8 (i.e., 
the modulation wave length in orthorhombic basal planes is about 2 xa with 
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Figure 4. 13. Dark-field images of electron microscopy, obtained by using one superlattice peak 
caused by CO, for Las/s-yPryCa.vsMnO.! withy=0.375 at 20 K (top), y=0.4 at 17 K (middle) and 
y=0.4 at 120 K (bottom). Bright regions are due to CO, and dark areas show charge-disordered 
regions. The river-like dark lines in bright regions are due to discommensurations. 








158 



COLOSSAL MAGNETORESISTIVE MANGANITES 



5.5 A, indicating the strong stability of the x=l/2-type CO state.) In fact, 
the x= 1/2-type CO for jc less than 1/2 has been observed in earlier reports in, 
e.g., Pro. 7 Cao. 3 Mn 03 [40]. In spite of the presence of the jc= 1/2-type CO state, 
the carrier concentration of CO regions is presumably close to 3/8, because it 
must be difficult to break the charge neutrality on large length scale as large 
as thousands of angstroms. This difference in carrier concentration could be 
accommodated by charge defects in the x=l /2-type CO state. 

All of above experimental studies unequivocally suggest a clear physical 
picture to understand the large p Q and the large MR in reduced Tq mangan- 
ites. Since micro-scale FM regions exist in these samples, electron conduction 
between neighboring FM regions should be reduced if their magnetizations are 
not aligned. This conduction reduction must be particularly large in manganites 
where hopping electrons are strongly aligned with the local orientation of mag- 
netization (i.e. manganites are the so-called half-metallic ferromagnet) [38]. 
The electron conduction between neighboring FM regions could be dominated 
by tunnelling if adjacent FM regions are separated by this insulating region. 
The degree of this magnetization misalignment will increases when the system 
approaches the percolation threshold due to the increasingly poor connection 
between the FM regions. Therefore, with decreasing volume of FM regions, 
p 0 increases much faster than the prediction of simple percolation. It is then 
expected that when the FM regions are aligned in applied fields, pp should once 
again follow the percolation prediction. This appears to be consistent with our 
MR results. The variation of p Q (open circles) in 4 kOe with y is shown in Fig. 
4.12 (a). The same plot is also drawn as o Q vs/ (FM volume fraction) in Fig. 
4.12 (b). The slope of the linear region for p Q and a Q in 4 kOe is about ~-2.6 
and 2 in Fig. 4.12 (a) and (b), respectively. Thus, both plots are showing the 
exponents closer to the percolation prediction of ~-1.9. 

All of our findings can be summarized within the two-phase picture. (1) 
When Tq is above ~210 K, but less than the optimum value of ~375 K, there 
exists a long-range (1-r) FM state with a short-range (s-r) CO phase. (2) When 
the p upturn at Tqo is clearly visible (for 0.3<y<0.4), Tq is strongly suppressed 
below ~80 K. In this case, s-r CO and s-r FM coexist at Tq <T<Tqo, and 
1-r FM with 1-r CO develops below Tq. This view, as well as the experimental 
values of Tq and Tqo, is summarized in the phase diagram of Fig. 4.14. Note 
that the experimental values of Tq and Tqq are determined from our p data, 
and they coincide with those from our M (T) data in Fig. 4.9 (b). Furthermore, 
our M(T) data show a spin glass-like transition below ~25 K for y>0.25; there 
exists a slight difference between zero-field-cooled and field-cooled M (T) data 
below ~25 K. Note that the average ionic radius, <r^>, was estimated from 
the tabulated values for twelve coordination [41]. The initial slow Tq decrease 
for small y (0.0<y<0.25) may originate from the decrease of t/X by increasing 
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Figure 4.14. The phase diagram of La 5 / 8 - y Pr y Ca 3 / 8 Mn 03 as a function of average ionic radius 
of La 5 / 8 _ y Pr y Ca 3 / 8 . T c and Tco are shown with closed circles (or triangles) and open circles, 
respectively. There exists a large thermal hysteresis at Tc for v*=0.275. The coexistence of long 
range (1-r) FM/short range (s-r) CO, s-r CO/s-r FM, or 1-r CO/l-r FM is schematically shown in 
the phase diagram. 



Mn-0 bond distance and decreasing Mn-O-Mn bond angle, induced by the 
substitution of the small Pr ions. 

All of above results clearly indicate that the two-phase coexistence is directly 
associated with (1) CMR for low Tq manganites, (2) the first-order-like Tq for 
low Tq manganites, (3) the sharp drop of Tq with chemical pressure, (4) the p 
hump far below Tq , and (5) the small saturation moment at low T for reduced 
T c materials. Since the nature of the two-phase coexistence changes drastically 
with T, this coexistence is not the direct consequence of chemical inhomogen- 
eity, but results from electronic phase separation. The possibility of electronic 
phase separation has been discussed theoretically between antiferromagnetic 
insulating and FM metallic states [16]. However, our results clearly indicate 
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the electronic phase separation relevant to CMR at low temperature is the one 
between FM metallic and the x=l/2-type CO states. 

In this section, one succinct picture was provided to explain the vast amount of 
earlier experimental results and ambiguities, as well as our own data. Basically, 
FM (metallic) and the x= 1/2-type CO states coexist in a broad range of phase 
space through electronic phase separation in real space, and this two-phase 
coexistence is responsible for the anomalous behavior of low Tq manganites. 
The subtle balance between these two states with distinctly different electronic 
properties can be readily influenced by varying physical parameters such as 
applied field, chemical (hydrostatic) pressure, and oxygen isotope, producing 
various “colossal” effects [1, 2, 3, 40, 42, 43]. 

3.2 Martensitic transformation and multiphase 
coexistence 

3.2.1 Relaxation between charge order and ferromagnetism. A 

simple percolation model between two-phases of FM metallic and CO insulat- 
ing states explains the experimental results above quite well in a broad sense. 
However, there are emerging experimental results that cannot be explained with 
a standard percolation model between the two electronic phases. The most sur- 
prising point is the existence of different structural phases as well as the distinct 
two electronic phases. The first can be intimately associated with the lattice 
degree of freedom, while the latter can be related to the spin and charge degree 
of freedom in the system. In view of the strong coupling among lattice, spin, 
and charge degrees of freedom in manganites, it is expected that these struc- 
tural and electronic phase separations can be intimately linked to each other. P. 
B. Littlewood first suggested an idea that strain induced phase separation may 
exist in low temperature regions of (La,Pr,Ca)MnC^ [44]. He pointed out that 
the FM and the CO phases have a large strain mismatch so that if part of a 
single FM crystallite nucleates into the CO phase, that domain is under a huge 
stress from the surrounding crystal that discourages further growth. Thus, the 
coexistence of CO and FM domains can produce random strain fields populated 
in each domain. To tackle the issue more systematically how structural (lat- 
tice) responses can be related to the electronic phase separation, we carefully 
studied the physical properties of Lai_ x Ca x Mn03 (LCM) with x near 1/2 and 
La 5 / 8 _ 2/ Pr 2/ Ca 3 / 8 Mn03 (LPCM) with y near 0.35, representing two important 
regions of manganite phase space. Magnetization study (not shown) clearly 
indicated that the ground state of LPCM is FM, and CO is a high-T state [45]. 
On the other hand, LCM shows the opposite way. Resistivity (p) data in Figs. 
4.15 (a) and 4.16 (a) were consistent with the M (T) results. In LPCM, CO 
transition, which is characterized by a sudden p upturn, appears at a high T, and 
the abrupt p downturn, indicating FM transition, occurs at a low-T whereas the 
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Figure 4.15. (a) Temperature-dependent resistivity p for Las/s-^PrjyCa.vsMnO.-*, y=0.35 and 

y=0.375 with various cooling rates, p at low T becomes smaller when the specimen was cooled 
slower (faster) through 7c (7co)- (b) Time dependence of magnetization M (t) at various, fixed 
temperatures after quick cooling for 5 minutes under 5 kOe for Las/s-yPryCas/sMnO.i, with 
y=0.375. M {t) follows the stretched exponential form, Mo- Mi exp(-(r/r)^). In this panel, log 
of the exponential part, log ((Mo-Mi)/Mi) ex -(r/t) f \ is plotted as a function of square root of 
time. The inset shows the temperature dependence of relaxation time t, obtained by fitting data 
to the stretched exponential form. The fitting results are as follows; Mo=0.7 1 , 1 .0 1 , 1 .80, 1 .6 1 and 
1.15 emu/mol, Mi=0.015, 0.267, 0.432, 0.322 and 0.192 emu/mol, f=451, 155, 76, 70 and 52 
min, and /?=0.46, 0.44, 0.34, 0.35 and 0.41 at 10,15, 30, 40 and 50 K, respectively. 
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Figure 4.16. (a) Temperature-dependent resistivity p for Lai_ x Ca x Mn 03 with x=0.49 and 

*=0.495 with various cooling rates, “q” and “vq” represents quick cooling within ~20 and “1.5 
minutes, respectively, (b) Time dependence of magnetization M(7) at various, fixed temperatures 
after quick cooling for 5 minutes under 5 kOe for Lai-^Ca^MnOa with x=0.495. M(f) follows 
the stretched exponential form, Mo- Mi-expHr/O^). In this figure, log of the exponential part, 
log ((Mo-Mi)/Mi) oc-(r/f)^, is plotted as a function of square root of time. The inset shows 
the temperature dependence of relaxation time t , determined by fitting data to the stretched 
exponential form. The fitting results are as follows; Mo=0.364, 0.359, 0.359, 0.357, 0.358 and 
0.378 emu/mol, Mi =0.01 4, 0.027, 0.031, 0.047, 0.049 and 0.058 emu/mol, r=206, 1 12, 107, 
48, 49 and 29 min and >0=0.71, 0.51, 0.52, 0.38, 0.41 and 0.39 at 80, 90, 105, 1 10 and 120 K, 
respectively. 



order of transitions is reversed in LCM (Fig. 4.16 (a)). There exists a large p 
thermal hysteresis at the low T transitions, indicating a first-order nature of the 
transition. 
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Thermodynamic view of these two systems in terms of free energy (F=U-TS; 
U: internal energy, S: entropy) is depicted in Fig. 4.17 (a) and (c). U of FM 
(Ufm) is lower than the CO U (Uco) in LPCM with v=3/8. but Uco is lower 
than Ufm in LCM with x near 1/2. Now, the CE-type (« e =l -x= 1/2- type) CO 
state is commonly observed in the system with n, near 5/8, and excess electrons 
may be accommodated as charge defects or discomensurations in CO domains 
[39]. Thus, there ought to exist large configurational entropy associated with 
CO for n e near 5/8. In LPCM with n e =5l 8, CO state can be, thus, “softer” than 
FM state, i.e. the F line for CO decreases faster than that for FM with increasing 
temperature. U of paramagnetic (PM) state is higher than Ufm and Uco, but 
PM state is softer than FM and CO states because of large entropy. In the case 
of LCM with x near 1/2, the system is near the phase boundary between FM and 
AFM states, and thus FM state can be susceptible to various thermally induced 
magnetic excitations. On the other hand, little configurational entropy exists for 
the CO state of LCM with n e ~ 1/2. Therefore, FM state is naturally softer than 
CO state in LCM. The free energy vs. T plots constructed from these general 
observations are consistent with our various results shown in Figs. 4.14-4.16. 
For example, in LPCM, T co and T c are the crossing points of the F lines for 
PM-CO and CO-FM, respectively. In LCM, Tq and T C o correspond to the 
crossing points of the F lines between PM-FM and FM-CO, respectively 

Even though the transitions are evident, FM state in LPCM (or CO state 
in LCM) does not develop fully at low T. In LPCM, enormously large p and 
reduced M (full saturation M. s = 4 // B ) at low T indicate that CO phase remains 
partially at low T. Similarly, non-diverging p(T) and significant magnitude of M 
in LCM at low T indicate that FM phase does not disappear completely at low 
T. The electron-diffraction study on Las/s^PiyCa^MnO; in the above section 
corroborates the two-phase coexistence with the length-scale associated ~ 1/2 
pm. 

Intimately associated with the origin of this large-scale coexistence of FM 
and CO phases, it was found that the two-phase situation can be influenced 
by cooling rate across Tc and Tco- As shown in Figs. 4.15 (a) and 4.16 (a), 
p(T), especially at low T, is sensitive on the cooling rates across the transition 
temperatures. For example, solid line data in Fig. 4.15 (a) represent when the 
sample was cooled down to 150 K quickly for ~20 minutes, and then cooled 
down to 8 K slowly for 5 hours. The residual resistivity (/$) changes more 
than a factor ~100 in x=0.495 and ~10 in y =0.375 by varying the cooling 
rate. In both LPCM and LCM, p 0 becomes smaller when the specimen was 
cooled slower through T c or faster through T c o Correspondingly, saturation 
M at 5 K becomes larger for slower (faster) cooling through Tq (Tc o ) (not 
shown). These findings indicate that the relative volume of FM with respect to 
the CO volume increases when the system was cooled slower (faster) though 
Tq, and the associated time scale is on the order of hours. This slow time-scale 
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associated with the conversion between FM and CO suggests the involvement 
of the large-scale structure or lattice in the two-phase coexistence. 

This slow dynamics is also reflected in the results of aging effect. The 
evolution of M was measured with time after quick cooling (for ~5 min.) from 
room T to various, fixed temperatures. In LPCM (see Fig. 4.15 (b)), M increases 
with time, and obeys the stretched exponential form !Vb+Miexp(-(T/r) /3 ) with 
the exponent (3 near 0.5, indicating a wide distribution of relaxation process 
[46]. It is found that r decreases from about ~7.5 (at 10 K) to ~1 (at 50 K) 
hour with increasing T, and the T dependence of r is thermal-activation-type 
with the energy gap (A) of 25±2K (see the inset of Fig. 4.15 (b)). In the 
LCM case, M, in contrast to M in LPCM, decreases with time, due to further 
development of CO phase. However, M even in LCM follows the stretched 
exponential form, and r(T) is thermal-activation-type with A of 413=L5 K. 
Interestingly, this large difference of A’s for LPCM and LCM is consistent 
with the fact that the strength of magnetic field to melt CO phase for LCM is 
much lager than that for LPCM (~15 T for LCM [47], ~3 T for LPCM (inset 
of Fig. 4.9)). 

Above experimental results lead us to construct a scenario for the two- 
phase coexistence with slow dynamics as well as large-length scales. In 
Lao.sCao.sMnOs, the system is quasi-cubic (slightly orthorhombic) at high 
temperatures, but the difference between a^b and c/y/2 of orthorhombic struc- 
ture becomes very large (about 3 %) below Tqo [19]. This large structural 
anisotropy originates from the cooperative Jahn-Teller distortions associated 
with CO [48]. During the nucleation of CO phase, this large structural aniso- 
tropy associated with CO cannot be readily accommodated in bulk materials, 
and results in large-scale anisotropic strain. Now, in the bulk specimen of 
LPCM, the concentration of small Pr ions, which can accommodate lattice dis- 
tortions more easily than larger La ions, can fix or “clamp” the total anisotropic 
strain that the bulk system can sustain. In other words, Pr concentration fixes 
the relative volume of CO phase, and the non-CO regions may become FM, 
resulting in the two-phase coexistence. This large-scale strain can, naturally, 
show slow dynamics or relaxation, for example through slowly moving the 
two-phase interfaces [49]. When the specimen was cooled slowly through Tqo 
(T c), the strain is “annealed” so that CO (FM) develops better, leading to larger 
(smaller) po and smaller (larger) M at low T. This view in terms of strain for 
LPCM is schematically represented in Fig. 4.17 (b). Consistent with Fig. 4.17 
(a), there are local free energy minima for FM and CO states, F of FM (F^m) 
is lower than F of CO (Fco) at low T (<T c), and Fco is lower than Ffm at 
high T (T C <T <Tqo). The x-axis represents the degree of the total anisotropic 
strain that the bulk system can accommodate, which is denoted as “effective” 
Pr concentration y*. FM and CO phases correspond to small and large y*, 
respectively. When Pr concentration is fixed in a specimen, the averaged y* is 
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Figure 4.17. (a) Temperature- and (b) effective Pr doping y*-dependence of the free energy 

for La.v 8 -/yPr ?y Ca 3 / 8 Mn 03 and (c) temperature and (d) effective Ca doping x*-dependence of free 
energy for Lai_ lT Ca. r MnO: 3 . 



fixed for the bulk material. Therefore, the Maxwell construction provides the 
lowest total free energy state in bulk materials, leading to the coexistence of FM 
and CO [50]. As shown in Fig. 4.17 (b), the amount of FM and CO phases is 
fixed by the length of “C (dotted line)” and “F (solid line)”, respectively. (Note 
that the broad distribution of relaxation process, indicated from the stretched 
exponential form of M (t), can be ascribed to a wide distribution of the energy 
barrier height between Fco and F F m ) Similar free energy argument holds for 
LCM with jv~ 1/2 as shown in Fig. 4.17 (d). CO and FM are the lowest free 
energy states at low T (<T C o) and high T (7co<^<^c)> respectively. The 
x-axis is the “effective” Ca concentration x*, similar with y* for LPCM. Here 
again, the Maxwell construction leads to the two-phase coexistence. This scen- 
ario for the two-phase coexistence resembles the origin of the so-called tweed 
structure formation in Martensitic systems [51, 52]. However, what is unique 
about manganite is that the two phases with the different structures, induced by 
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strain, show distinct electronic properties (i.e., one FM metal and the other CO 
insulator). This can be referred as structural phase separation, in comparison 
with chemical or electronic phase separation. 

In this section, a thermodynamic view combined with quasi-long-range strain 
consideration was proposed to explain the intriguing structural phase coexist- 
ence in manganites. This proposition naturally explains why the low-7 7 trans- 
ition, independent from whether it is CO or FM transition, is always strongly 
first-order. Furthermore, the large-length-scale associated with the FM-CO- 
phase coexistence, and also the slow relaxation between FM and CO phases 
can be attributed to the quasi-l-r, anisotropic strain, resulting from the cooper- 
ative Jahn-Teller distortions associated with CO. 

3.2.2 Accommodation of strain and the metal-insulator transition. 

Martensitic transformations, i.e. cooperative (diffusionless) motion of atoms 
resulting in a formation of different crystal structure within a parent crystal, have 
been known for more than a century [51, 52, 53]. In metals and alloys, import- 
ant physical and metallurgical properties are determined by long-range strains 
associated with the structural distortion of martensitic phases. In transition 
metal oxides, where strong electron-electron and electron-lattice interactions 
govern such phenomena as magnetic ordering, metal-insulator transition (MIT) 
and superconductivity, phase transitions are often accompanied by structural 
deformation [7, 8, 9]. However, the structural transformations are often con- 
sidered as a secondary or even a cumbersome effect. Here another experimental 
evidence is summarized to support that the synergy of the martensitic accom- 
modation strain and strongly correlated electrons can lead to the extraordinary 
electronic properties of manganites, and that martensitic accommodation strain , 
produced by the CO phase, plays an important role in the MIT [54]. 

The martensitic transformation is a structural phase transition of part of a par- 
ent crystal involving large structural distortions. This phase, structurally differ- 
ent from the parent structure, is called martensitic phase or martensite. Physical 
properties of martensitic alloys are governed by the long-range elastic or plastic 
deformation of the parent crystal lattice surrounding the martensitic particles, 
so called accommodation strain [51, 52, 53]. Growth of the accommodation 
strain with lowering T below the temperature of the martensitic transforma- 
tion dominates an establishment of the thermo-elastic equilibrium between the 
parent phase and the martensite. This type of strain is inherent to martens- 
itic transformations as well as to the transformation twins and is produced at 
the martensite/parent boundary or at the twin faults [51]. In this respect, both 
the internal twinning and martensitic transformations are accompanied by the 
accommodation strain. 

Applying the terminology of martensitic transformations to manganites, we 
refer to the orthorhombic CO phase as a martensite and to the high-7 7 cubic 
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paramagnetic phase as a parent phase. Thus, for example, the CO transition in 
(Nd,Sm)i_ ;r Sr x Mn03 (x^l/2) [55] and in Lao.sCao.sMnC^ [56] could be de- 
scribed by martensitic phenomenology. Since martensitic transformation, such 
as charge ordering, takes place by cooperative motion of atoms, the growth 
of martensite crystals across the grain boundary is prohibited and the accom- 
modation strain is expected to be very sensitive to the grain size of polycrys- 
talline samples. In order to investigate the influence of grain boundaries on 
the accommodation strain and, therefore, on physical properties of mangan- 
ites, systematic transport studies were conducted in single crystalline and poly- 
crystalline samples with different average grain size <d> = 3, 6, 9, 12 and 
17 pm. All the polycrystalline samples were prepared from one high-quality 
Lao.275Pro.35Cao.375Mn03 pellet, which was carefully grounded to become fine 
powder and then was sintered additionally at 1380° C (and 1 300 °C) for different 
time periods At. 

Remarkable dependence of the transport properties on grain size is revealed 
by the resistivity ( p ) and magnetoresistance (MR=(p// = o-P5kOe)P5kOe) meas- 
urements of polycrystalline Lao.275Pro.35Cao.375MnC>3 (Fig. 4.18). Data for a 
single crystal of the same composition are shown for comparison. Although 
Tqo ^210 K is similar for all samples, 7"mi, defined as the temperature of the 
maximum of d(logp)/d7" taken on cooling, systematically decreases from 125 
K to 30 K when <d> is reduced from 17 to 6 fi m, (the inset in Fig. 4.18). 
Finally, the specimen with the smallest grain size - 3 /im, does not exhibit the 
MIT down to 20 K, below which p becomes too large to be measured reliably. 
Surprisingly, a change of the grain size by a factor of two is sufficient to switch 
the low-7" ground state of the same compound from metallic to insulating. The 
low-7" resistivity, po = p{ 20 K), appears to be the most grain-size-sensitive 
characteristic of the samples. For <d> = 3-17 /im, po varies systematically 
over the range 0.1-10 8 Clem. 

Sensitivity of po and 7"mi to <d> becomes much less pronounced when a 
small magnetic field H- 5 kOe is applied (Fig. 4. 1 8, the lower panel). First, this 
field induces the MIT in the sample with <d> = 3 pm. In fact, p(T) for all <d> 
becomes much more similar in H = 5 kOe, indicating that the sharp increase 
of po observed in H = 0 cannot be attributed to the increasing contribution of 
topological defects and scattering at the grain boundaries to p in the samples 
with small <d>. Second, low-field MR5ko e at T = 20 K varies systematically 
with<<7> = 3- 17 pm over the range 1 - 10? (see the inset). Extremely large low- 
field MR, up to 10 10 %, in samples with small <d> cannot be explained by the 
spin-polarized transport across magnetic domain boundaries, which has been 
shown to result in the 20-30 % change of p in polycrystalline films and epitaxial 
films grown on a bi-crystal substrate [57, 58, 59]. The drastic suppression of the 
grain-size dependence of p by a small magnetic field, observed here, supports 
the scenario of the MIT where the insulating phase responsible for the high po 
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Figure 4.18. Temperature-dependent resistivity in zero magnetic field H = 0 (upper panel) and 
in 5 kOe (lower panel) of the polycrystalline Lao.275Pro.35Cao.375Mn03 samples with different 
grain size <d> = 3-17 mm and a single crystal of the same composition on cooling and heating. 
For simplicity, not all of the measured samples are presented in the figure. The upper inset shows 
the dependence of the insulator-metal transition temperature, 7mi, on <d> for zero field cooling 
(closed circles) and for field cooling in 5 kOe (open circles). The lower inset shows the grain-size 
dependence of the magnetoresistance MR ={p H =o- pskOeVpskOe in 5 kOe at T = 20 K. 

is not the charge-ordered phase [60]. The magnetic field of 5 kOe is not strong 
enough to “melt” the CO phase [6]. 

Based on this transport measurement, a following scenario can be proposed 
for the MIT in manganites. The accommodation strain, introduced by the CO 
domains into the surrounding lattice at Tqo ~210 K, strongly affects the prop- 
erties of the latter. When the parent phase is loaded with the strain, the FM 
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transition becomes suppressed, e.g. 7 mi is shifted to a lower temperature. 
Therefore, it tends to retain properties of the high-T paramagnetic phase, re- 
maining charge-disordered and insulating (CDI) even at low T. It is known that 
with a decreasing grain size of a sample, it is more difficult to accommodate 
the martensitic strain [51, 52]. As a result, in the samples with a smaller grain 
size the amount of the strain-loaded phase, e.g. CDI, increases. The presence 
of a considerable amount of this insulating phase results in the unusually high 
p o and leads to the low temperature shift of the MIT with decreasing <d>. 
An experimental evidence for the existence of CDI phase at low temperatures 
will be provided in a next section, where optical conductivity probes at least 
three phases in a single crystal sample. Furthermore, recent x-ray and neutron 
scattering experiments [60] revealed that the volume fraction of the CO phase 
remains constant when the system is driven through the MIT, e.g. the CO phase 
is not involved in the MIT directly. Thus, the transition occurs within the parent 
phase, which is separated into the FM metallic and strain-stabilized CDI phases 
at T<T mi- It’s worth mentioning, that the ability of strain to stabilize phases, 
which do not exist at all without the strain, is well known in martensites [53]. 

The results of this section show that sensitivity of the martensitic phase to 
the grain boundaries leads to the observed striking dependence of the transport 
properties of polycrystalline L^. 275 Pro. 35 Cao. 375 MnO ,3 samples on grain size. 

In contrast to the conventional insulator-to-metal transition, wherein the FM 
phase grows at the expense of the CO phase, e.g., L^Cao.sMnOa under high 
magnetic field, the insulator-metal transition in ^Pro^Cao.^MnO;* is 
suggested not to be a transition from the charge ordered into the ferromagnetic 
state. Instead, it is a transformation of the charge-disordered insulating phase 
into the ferromagnetic one. The former phase, charge-disordered insulating, is a 
result of the stabilization of the parent paramagnetic phase at low temperature by 
the martensitic strain. Typical signatures of martensitic transformations mani- 
fested by other manganites indicate the general applicability of the martensitic 
approach and phenomenology to the structural phase transitions in oxides with 
strongly correlated electrons. 

3.3 Optical evidences of multiphase coexistence 

3.3.1 Mid-infrared absorption in Las/ 8 - y Pr y Ca 3 / 8 Mn 03 . To provide 
further insights on the nature of the phase coexistence, temperature ( T )- and 
magnetic field ( independent optical conductivity a(cj) of a La^-yPr^Ca^/sMnOs 
(y^0.35) (LPCMO) single crystal was investigated [61]. 7-dependent p data 
for the LPCMO, which is very similar to the single crystal data in Fig. 4.18, 
indicated that the sample undergoes a charge-ordering transition at 7co ~220 
K and then a relatively sharp insulator-metal transition around Tq ~ 1 20 K. The 
reflectivity spectra R(u) was measured with increasing T at H - 0 T and with 
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Figure 4.19. Temperature-dependent a(u) of a La 5 /$. y Pr y Ca 3 / 8 MnC >3 (y=0.35) crystal (a) above 
and (b) below 7c- At Tc<T, the optical gap energy due to the CO phase is determined by 
drawing a linearly extrapolated line (dotted) at the inflection point of a(cu). At T <Tc , at least 
two absorption bands appear in the mid-infrared region. The peak positions of the bands are 
indicated as asterisks. 



increasing H at 4.2 K and the Kramers-Kronig transformation produced a(uu) 
from the measured R(ou). Detailed techniques for the R(u) measurements were 
described in our previous report [62]. 

Fig. 4.19 (a) shows T-dependent a(u) above Tq- As T decreases from 300 
K, the low frequency a(cu) below 0.5 eV are systematically suppressed and an 
optical gap is clearly developed. Therefore, it is likely that the charge ordering 
(CO) phase is dominant atTc<T<Tco and that the broad band around 1.4 eV 
can be attributed to the characteristic optical response of the CO domains. The 
optical gap energy 2 A at T>Tqo, obtained from a crossing energy between 
a linear tangential line at the inflection point of a(cj) and the jc-abscissa, is 
shown as a dotted line in Fig. 4.19 (a). Figure 4.20 (a) shows the 2A vs. T 
plot. The 2A just above Tq is found to be as large as 0.38 eV. This value 
remains nearly the same between Tq <7X180 K and slightly decreases near 
T co- It should be noted that the 2A ^0.38 eV at 7X 150 K is comparable to that 
of Lao. 5 Cao. 5 Mn 03 (i.e., 2A(0)^0.45 eV at the ground state). Since the CO 
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Figure 4.20. (a) Temperature dependence of the optical gap energy 2 A (solid circles). An open 

circle represents a 2 A at 7c. (b) Temperature-dependence of spectral weight S\ (solid squares) 
and Su (crosses) at T <T c. See, Fig. 4.21 and texts for definition. A solid line represents a 
normalized magnetization curve. 



phase in LPCMO is the Lao.sCao.sMnOa -type, i.e., the so-called CE-type, the 
large value of 2 A of LPCMO can be ascribed to a characteristic of the CE-type 
CO phase. The slightly smaller gap value of LPCMO might be related to the 
presence of small FM phase or carrier defects due to x=3/8 doping in the CE- 
type CO pattern. It is also noted in Fig. 4.20 (a) that 2A ^0.22 eV at Tqo and 
2 A ^0. 1 eV at 300 K. Thus, 2 A does not become zero at T far above Tq o- This 
is an anomalous behavior because many CO materials show nearly zero value 
of 2 A at Tq o- This nonzero 2 A behavior indicates that there exists enhanced 
spatial and/or temporal fluctuation of CO correlation far above Tqo in LPCMO. 
This enhanced CO fluctuation is regarded as a generic feature of LPCMO that 
has mixed-phases near the phase boundary where a phase separation occurs 
even when T— * 0 K [63]. This subject will be discussed in Section 4 in detail. 

Figure 4.19 (b) shows that as T decreases below 7c, new absorption bands 
appear below ~0.4 eV, and their strengths grow. As indicated by asterisks, 
a( uj) at 10 K show at least two mid-infrared absorption bands, centered around 
0.22 and 0.49 eV, respectively. As T is lowered below 7c, the former is located 
nearly at the same frequency, while the latter one shifts to a higher frequency 
from 0.35 eV at 120 K to 0.49 eV at 10 K, indicating that the origin of the lower 
frequency peak might be different with that of the higher frequency one. Note 
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Figure 4.21. (a) Temperature- and magnetic field-dependent a{u) of a Las/s-yPr^Ca.vsMnCb 

(y=0.35) crystal, (b) Acr(i o, T) =ct(uj , T)-Acr(u;, 150 K) for various temperatures. The Aa(cj, T) 
curves at T<Tc are composed of an asymmetric absorption band and small additional bands 
(filled triangles). The spectral shape of the additional bands are very similar to the shape of 
A cr(u;,T) at T>T co. The inset shows a Acr(u;,10 K) curve and its fitting results using an 
asymmetric line shape (for Band I) and two Lorentzians (for Band II). 



that the strength of a broad absorption band around 1 .4 eV does not decrease 
even below Tq. This is in contrast with the a(cu) behaviors of homogeneous FM 
metallic samples that show a significant spectral weight transfer from above 1 .0 
to below 1.0 eV [64, 65]. This observation suggests that the volume fraction of 
the CO phase does not change significantly below Tq- 

Figure 4.21 (a) shows //-dependent a(cj) at fixed 7=4.2 K. It is found that, 
with increasing /7, the spectral weight above 1.0 eV becomes strongly sup- 
pressed and transferred to a lower frequency region. Although the sample 
shows a metallic resistivity at 3 T, the corresponding optical spectrum has a 
very asymmetric mid-infrared band. At H= 12 T, a clear Drude-like peak is ob- 
served with a saturated suppression of the absorption peak around 1 .4 eV. This 
suggests that the CO insulating domains are melted to become the FM metallic 
ones and that the volume fraction of the FM metallic domains is increasing. 
The optical spectrum at 12 T is characterized as a single asymmetric absorp- 
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tion band below 1.5 eV, which is very similar to the shape of a(u) in some 
homogeneous FM metallic manganites at low temperature [64]. In addition, 
under the high H , the feature of two absorption bands in Fig. 4.19 (b) is not 
observed. Therefore, the cr(u ;) at 12 T seems to represent the optical response 
of the dominant FM metallic phase. 

To elucidate the origin of the two peak structure, the optical response of the 
CO phase needs to be subtracted from the measured a(oo) at each temperature, 
c j(cj,T ). It was assumed that cr(ic;,150 K) could represent the a{ u) of CO 
domains. Figure 4.21 (b) shows the results of Aa(u, T)= a(uj,T)-a(u, 150 K) 
at various temperatures. The Acr(o;,10 K) curve is composed of an asymmetric 
absorption band peaked around 0.2 eV and a broad band with peaks around 0.4 
and 0.8 eV. While the absorption band around 0.2 eV appears below 7c, the 
broad band with peaks around 0.4 and 0.8 eV already exists above 7co 

To quantitatively estimate the T -dependent spectral weight of each absorption 
band, we fitted the A a{uj, T ) below 7c as a sum of an asymmetric band (Band 
I) around 0.2 eV and two Lorentzians (Band II) around 0.4 and 0.8 eV. The inset 
of Fig. 4.21 (b) shows the Acr(u),l0 K) curve and its fitting results. It is found 
that Band I is very similar to a(cj) at H - 3 T in Fig. 4.21 (a). Especially, Band 
II is very similar to Acr(u,280 K) in Fig. 4.21 (b). These analyses strongly 
suggest that Band I at low T should be due to the FM metallic phase, while 
Band II can be attributed to another phase, of which physical properties are very 
similar to those of the high T charge-disordered insulating (CDI) phase. 

Based on these analyses, we estimated integrated spectral weights of Band I, 
Si, and of Band II, Sn, below Tq- It is interesting to compare T-dependence of 
Si and Sn with a normalized magnetization value, M(T)/M(0). Figure 4.20 (a) 
shows T-dependences of Si (solid squares), Sn (solid triangles), andM(T)/M(0). 
It is found that S\ is roughly proportional to M(T)/M(0), indicating that Band I is 
linked to the FM spin ordering. However, rather gradual increase of M(T)/M(0) 
is not consistent with the FM transition in a homogeneous system. Thus, S can 
be attributed to the spectral weight of FM metallic domains in an inhomogeneous 
system. On the other hand, Sn starts to increase near 7c, and continuously does 
below Tq even when M(T)/M(0) is saturated. This observation again supports 
that Band II is the absorption band of a CDI phase, of which volume fraction 
continuously increases with the development of the FM phase below Tq. How 
the CDI phase can be developed below Tq will be discussed further below. In 
partial summary, all of above experimental findings unequivocally suggest that 
there exist at least three phases, i.e. the FM metallic, the CO insulating, and 
the CDI phases in LPCMO. 

3.3.2 Implication of structural phase separation in optical conductivity 

spectra. In LPCMO with the charge ordering domains inside, anisotropic 
lattice strains can be developed due to the Jahn-Teller (JT) distortion and the 
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concomitant orbital ordering. In particular, the anisotropic strain in the CE-type 
charge ordering is known to be quite large, due to a cooperative JT distortion 
and a d 2 z orbital ordering. In a nearly homogeneous FM metallic state, the 
JT distortion becomes small. If FM metallic domains appear below Tq in the 
backbone of CO domains, the strain of this region will be released. Due to a 
large strain mismatch between the two phases, the interfacial region will have 
inhomogeneous strains larger than that of the FM domains, but smaller than 
that of the CO domains. This physical situation is quite similar to the case 
of ferroelastic materials with the martensitic transformation. This postulation 
suggests an appealing idea that at low T region of LPCMO, each domain has 
different structural distortions so that electronic phase separation can be accom- 
panied by structural phase separation. 

As a result of a strong electron-phonon coupling, presence of a polaronic 
absorption band is another important spectral feature in the a(uj) of manganites. 
However, in case of the manganites, the polaron absorption band is also strongly 
coupled to spin and orbital degrees of freedom [66]; a single polaron theory 
should be clearly extended further to include multi-polaron nature and many 
body effects in this compound. To our knowledge, theoretical understandings 
on the multi-polaron effects are still lacking. Thus, it should be noted that the 
discussion below is yet qualitative and based on a single polaron picture. With 
this in mind, the structural multiphase coexistence can still be well described by 
the existing single polaron theory. According to the polaron absorption theory 
[67, 68], the peak energy of the incoherent band is roughly proportional to the 
binding energy of a polaron that increases as the local lattice distortion increases. 
In the FM metallic manganites well below Tq, the mid-infrared polaron band 
becomes quite asymmetric and it is centered below ~0.3 eV, which is close to 
the line shape of incoherent absorption of a large polaron [64, 67]. Above 7c, 
as local JT lattice distortions increase, the band becomes rather symmetric and 
the peak frequency shifts to a higher frequency. This polaron band can be close 
to the small polaron absorption band. 

The asymmetric line shape of Band I indicates that the lattice distortion of 
the FM domains is not large. On the other hand, the <j(oj) of the CO domains 
with large strains showed a band centered ~1.4 eV with a large 2 A ^0.4 eV. 
Most of the spectral weights of Band II appear in an energy region of 0.3 -1.0 
eV, indicating that the lattice strain of the CDI region can be larger than that of 
the FM metallic domains, but smaller than that of the CO domains. According 
to Fig. 4.19 (b) and Fig. 4.20 (b), both a lower peak frequency of Band II 
and Sn increased as T decreased below 7c. This seems to indicate that the 
volume fraction as well as the strain of the CDI domains, possibly located at 
the interface of FM and CO domains, increases with deceasing T. Therefore, 
the a{u) data suggest that the lattice strains and their interplay with T inside 
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the three main phases play a crucial role on the electronic and the magnetic 
properties of the LPCMO. 

In this section, T-and H - dependent optical conductivity spectra of a 
Las/z-yPryCaysMnOi (y^0.35) single crystal revealed that at least two absorp- 
tion bands newly appeared below 0.4 eV at T<Tq ~120 K. The new absorption 
bands can be attributed to a FM metallic and a charge-disordered phase, co- 
existing with a charge-ordered phase. Quite different peak frequency of each 
absorption band suggests that the coexisting multi-phases can have different 
lattice strains. In addition, LPCMO had a rather large charge gap due to fluc- 
tuating charge-ordering correlation above Tq. This <j(uj) study supports that 
the structural as well as the electronic phase separation occurs in the LPCMO 
below Tq. 

4 . High temperature charge-ordering fluctuation and 
nano-scale phase coexistence 

In mixed- valent manganites, orbital degree of freedom associated with Mr? + 
ions, in addition to charge and spin degrees of freedom, plays an important role. 
The static charge/orbital ordering with stripe patterns is now well established, 
especially in Lai_ x Ca x Mn 03 with x>0.5 at low T region. CO in manganites 
occurs as periodic arrays of the sheet-like arrangement of Mr? + ions [39]. In 
this scheme, the CO state of Lao.sCao.sMnOa is special in the sense that the 
density of Mn 3+ -Mn 4+ pairs is the highest. In Lao. 5 Cao. 5 Mn 03 , all of the 
charge, orbital and spin degrees of freedom freeze into the so-called CE-type 
stable configuration below 180 K (for heating) [11, 69]. 

One of the best examples of electronic phase separation, known from earlier 
research stage of manganites, was the nano-scale coexistence of an insulating 
phase with striped charge-order (CO) and a metallic phase with ferromagnetism 
(FM) in a narrow temperature (~180<T<220K) range of Lao.sCao.sMnOs 
[20, 39]. An early study of synchrotron x-ray scattering for L^.sCao.sMnOs 
showed a drastic broadening of all the Bragg peaks in the FM region between Tq 
and 7 n (~Tco) [19]. After this discovery, an electron diffraction study showed 
that the fine scale (~100 A ) coexistence of CO and FM phases is responsible 
for the drastic broadening of x-ray Bragg peaks [20]. This coexistence is not 
due to chemical inhomogeneity because it disappears below ~ 150 K. This 
nano-scale two-phase coexistence at x=0.5 at finite temperatures was thought 
to originate from the fact that x=0.5 is the phase boundary composition between 
FM (x<0.5) and CO (x>0.5) states. It was also presumed that the ground state 
ofLa!_ x Ca x Mn0 3 with x=0.5 becomes the CO state below T C o ~ 1 80 K. 

This section will cover electronic/thermal transport, x-ray diffraction, and 
optical studies to investigate short-ranged, and/or dynamic CO correlation in 
the paramagnetic state of the half-doped manganite. The enhancement of p up 
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to 900 K in Lao.sCao.sMnC^ indicates that the spatial or dynamic CO fluctu- 
ation probably persists even at 7-ranges much higher than long-range ordering 
temperature [70]. Furthermore, accumulated experimental and theoretical in- 
vestigations now suggest that this robust charge fluctuation up to very high 
temperatures be intimately associated with the fact that the ground state of 
Lao.5Cao.5Mn03 has, in fact, intrinsically two competing order parameters, 
i.e., FM metallic and CO insulating phases. This new view on the ground 
state of Lao.5Cao.5Mn03 is quite consistent with the idea of electronic phase 
separation at zero temperature. 

4.1 Transport and structural studies 

Figure 4.22 shows the p(T ) curves for Lai_ x Ca x Mn03 with x near 0.5 from 
4 to 900 K. For x=0.48, the FM metallic phase is dominant below 220 K even 
though a short-range CO phase probably coexists as indicated by a broad hump 
and small hysteresis at 100-180 K [71, 72]. However, with* approaching 0.5 
from below, the CO state stabilizes at low temperature. Thus, low temper- 
ature p near x=0.5 increases systematically with x, and shows the insulating 
7-dependence when jc ^j0.485. As shown in Fig. 4.23 (a), p(100 K) (open 
circles) shows such a systematic increase with jc, consistent with a crossover 
from the FM metallic to the CO insulating states. If CO is stabilized at low 
temperature region for jc M).5, p(100 K) becomes insensitive on x. 

It is interesting that in Fig. 4.23 (a), p of L^.sCao.sMnC^ at T>Tqo is 
considerably larger than that of any neighboring compositions, and this behavior 
persists up to 900 K. This unexpected behavior was confirmed systematically 
in samples with fine spacing of x near 0.5. The p(300 K) vs. x plot in Fig. 4.23 
(a) summarizes the results, showing a clear maximum at x=0.5. Moreover, the 
p(900 K) vs. x plot confirms that the maximum behavior at x=0.5 persists up to, 
at least, 900 K. A previous study revealed that an adiabatic small polaron model, 
with p=poTexp(E a /kBT ), describes high temperature p of Lai_ x Ca x Mn03 in 
broad doping and temperature ranges (0<x<l and ~300K <7 <1100K) [73]. 
Here, E a represents the activation energy of small polarons, i.e. the potential 
barrier that polarons must overcome to hop to the next site. The inset of Fig. 
4.22 shows that In (p/7) vs. 1/7 plot of our data at high 7 region is almost 
linear, corroborating with the adiabatic small polaron model. Interestingly, E a 
is systematically enhanced at x=0.5 even if po becomes maximum at x=0.49, 
slightly lower than 0.5, as shown in Fig. 4.23 (b). Therefore, the strong charge 
localization tendency at x=0.5 up to very high 7, far above Tqo, is closely 
associated with the enhancement of polaron activation energy. 

To gain further insights into understanding this surprising result, we meas- 
ured 7-dependent n (Fig. 4.22(b): heating). As pointed out in Section 2, the 
electronic n estimated from p by using the Wiedemann-Franz law is negligible, 
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Figure 4.22. (a) Temperature-dependent resistivity p curves (for heating and cooling) of 

La]_ ; , Ca x Mn 03 near x=0.5 from 4 to 900 K. The inset shows In (p/T) vs. 1 IT curves. The 
activation energy, EJkn, and prefactor po, of adiabatic small polarons vs. x plot, obtained from 
the curve, (b) n(T) (for heating) for Lai-rCa^MnC)*, nearx=0.5. The solid and dotted arrows 
show T c and Tco determined from M(T) and p(T). 



and the anomalous behavior of k, i.e., a linear increase above 7c, is related to 
the phononic n coupled with large anharmonic lattice distortions [21]. Thus, 
it is evident that at high T region of Lai-^Ca^MnO;} (x^0.5), phononic con- 
tribution dominates the measured k. The abrupt k increase near Tq in n(T) 
of Jt=0.485, 0.49, and 0.50 is due to the reduced lattice distortions in the FM- 
metallic state, and this n increase at Tq becomes smaller with .* approaching 
0.5. For jc<0.5, n tends to decrease at Tqo, which can be attributed to the large 
(JT-type) lattice distortion associated with CO. Forx> 0.5, k shows only slight 
slope changes near Tqo, as seen in the data of x=0.52 and 0.55. As summarized 
in Fig. 4.23 (c), n at 100 K decreases systematically with x approaching 0.5 
(due to the stabilization of the CO state), and remains small when x>0.5. It is 
noted that even if the k values of x=0.52 and 0.55 are similar to that of ;t=0.5 
at low T, they become considerably larger than that of .*=0.5 for T>Tqq. This 
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Figure 4.23. (a) and (c) p and k values at 100 and 300 K for Lai_ x Ca x Mn 03 near x=0.5, 

respectively, (b) The activation energy EJk b and prefactor po vs. x plot of adiabatic small 
polarons, obtained from the inset of Fig. 4.22. (d) The x-dependence of the peak width, T, and 
the center position of the (242) x-ray Bragg peak at 300 K, estimated from Gaussian fitting of 
the data in Fig. 4.24. The dotted and solid lines are guides for the eyes. 



behavior is well illustrated in the /^(300 K) vs. x plot (solid circles in Fig. 
4.23 (c)), demonstrating a clear minimum at x=0.5. This suppression of ^(300 
K) at x=0.5 correlates well with the p peaking near 0.5 at 300 K. Therefore, 
the results in Figs. 4.22 and 4.23 show that the lattice thermal conductivity as 
well as electrical transport is suppressed in the high temperature region of the 
half-doped manganite. 

Directly related to the suppression of phononic k, there exists a slight, but 
noticeable broadening of the x-ray Bragg peaks for x=0.5 at room temperature. 
One example of the broadened x-ray peaks is shown in Fig. 4.24, displaying 
the compositional change of the (242) Bragg peak (in the orthorhombic Pbnm 
notation) of x-ray powder diffraction at 300 K. The (242) Bragg peak, centered 
at 26 ^69.3° forx=0.5, changes its position to higher angles as x increases. The 
left and right sides of the (242) Bragg peak are due to the (004)-(400) peaks and 
K a 2 of the (242) and (004)-(400) peaks, respectively. As evident in Fig. 4.24, 
the peak width, T, of the central (242) peak is considerably broad at x=0.5. To 
extract x-dependence of T, the intensity profiles were fitted as a sum of three 
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Figure 4.24. x-ray intensity profiles of the (242) Bragg peak (center) at 300 K for 
Lai_. /: Ca x Mn03 nearx=0.5. 



Gaussian peaks (by neglecting the weak peaks of (004) and (400)). The 
solid squares and triangles in Fig. 4.23(d) represent fitting results for V and the 
center position of the (242) peak, respectively. The center position increases 
almost linearly with x, indicating the linear lattice contraction with increasing 
x. On the other hand, T shows a clear maximum at x=0.5. This broadening of 
T indicates a slight distribution of lattice constants in Lq^Cao.sMnO;} at room 
temperature [19]. 

Based on the results from the synchrotron x-ray scattering study of 
Lao. 5 Cao. 5 Mn 03 that showed drastic broadening of all the Bragg peaks between 
Tq and T N (~Tco) [19], this new data indicate that the Bragg peak broadening 
for x^0.5 persists even at room T, far above Tq and Tco- This observation 
strongly suggests that short-range CO exists in the paramagnetic state of the 
half-doped manganite. We cannot rule out the possibility of dynamic correl- 
ation of CO at room T. Furthermore, the enhancement of p up to 900 K in 
Lao.sCao.sMnOa indicates that the spatial or dynamic CO fluctuation probably 
persists even at T ranges much higher than long-range ordering T [70]. Nat- 
urally, such a spatial variation of lattice constants, indicated by the Bragg peak 
broadening, will shorten phonon lifetime, and thus suppresses the phononic n. 
It is emphasized that the observed Bragg peak broadening indicates various an- 
omalous behaviors of x^0.5 as bulk effects. In other words, the p enhancement 
and the k suppression at x^0.5 are not due to, for example, grain boundaries 
in the polycrystalline specimens. It is also noted that the findings are not con- 
sistent with La/Ca ionic ordering because the La/Ca ordering should reduce 
P- 

Because CO correlation can influence magnetic correlation, the evolution 
of magnetic susceptibility (x =M/H) was also investigated as a function of x 
at room T (above Tq). A few surprising results can be found in Fig. 4.25 
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Figure 4.25. (a) The x-dependence of magnetic susceptibility x(closed squares) at 300 K (left 

axis). The open circles show the Tc variation determined from \(T) (right axis), (b) A schematic 
of FM zigzag chains, coupled antiferromagnetically each other. Open circles are Mn 4+ and the 
lobes show the e 9 orbitals of Mn 3+ . ~1 1 A FM zigzag is shown with dark hue. 



(a). First, x(T) above Tq roughly follows the Curie- Weiss law, and the Curie- 
Weiss T is FM for all x studied. Consistent with earlier results, the Tq vs. 
x plot shows a broad bump near x=3/8 [10]. On the other hand, x(x) at 300 
K sharply peaks at x=3/8. This observation might be related to the fact that 
Tc is maximized smoothly at x=3/8, and x(T) is proportional to 1 IT at high 
temperature. However, this pronounced peaking behavior of xOO above Tq 
again corroborates that the commensurate carrier concentration of x=3/8 has 
a specially enhanced FM correlation. This observation naturally suggests an 
extraordinary possibility; the presence of short-range or dynamic correlation 
of charge/orbital ordering in such a way as to produce special FM coupling in 
addition to the double exchange-type FM coupling. 

How can such a short-range charge correlation promotes FM coupling? In 
manganites, it has been well established that the CE-type CO is very stable in 
broad x ranges, at least at low temperature. For example, the CE-type CO has 
been commonly observed in Lai_ x Ca x Mn 03 and Ndi_ x SrxMn 03 forx^0.5. 
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In addition, the CE-type CO has been reported even when x deviates signific- 
antly from 0.5. For example, the CE-type CO occurs in Pri_ x Ca x Mn03 with 
0.3 <jc< 0.5, and also in (La,Pr) 5/ / 8 Ca 3 / 8 Mn03 at low T [71]. Thus, it is appeal- 
ing to assume that short-range or dynamic CO at high T of LaL_ x Ca x Mn03 
(0.2<jc< 0.5) is also the CE-type. In the CE-type CO, there exist FM zig- 
zag chains (Fig. 4.25 (b)), which couple to each other antiferromagnetically 
[69, 74]. It is conceivable that at high T, the CO correlation is so short that the 
short-range CO state may contain only one short FM zigzag (Mrf + - Mn 4+ - 
Mn 3+ - Mn 4+ - Mn 3+ : shown with dark hue in Fig. 4.25 (b)) with ~11 A 
in length or one short FM “zig or zag” (Mn 3+ -Mn 4+ -Mn 3+ ) with ~5.5 A in 
length. Then, these extended objects can enhance FM correlation overall. The 
short FM zigzag can be considered as correlated polarons or a ferromagnetic 
polaron cluster, and may exhibit dynamic nature. Note that the carrier concen- 
tration of the short FM zigzag (zig or zag) corresponds to x=0A (1/3), which is 
close to ;t^3/8 for the enhanced FM correlation. However, if the range of CO 
becomes slightly longer, then the zigzag may couple with the neighboring zig- 
zags antiferromagnetically so that FM correlation can be reduced. This effect 
can be significant at x^0.5 where CO tendency is strong because carrier con- 
centration matches the CE-type ordering. We also found that, in general, p(300 
K) for x<0.5 (including x^3/8 where Tq is maximized) is larger than that for 
x>0.5 (including x^5/8 where 7co is optimized) even though the ground state 
is metallic (insulating) for jc<(>) 0.5, which corroborates with short-range CO 
at high T for jc near or smaller than 0.5. This remarkable scenario remains to 
be confirmed by local probe measurements such as jc-ray or neutron scattering 
experiments. 

This section showed that the suppression of electronic conductivity as well 
as phononic thermal conductivity, and the broadening of Bragg peaks exist in 
a narrow composition range near x=0.5, but in a very broad temperature range 
up to 900 K. All these findings suggest the presence of spatial or temporal 
fluctuation of CO at high T. On the other hand, FM correlation is strongly 
enhanced for jt near 3/8, which can be related to the presence of FM zigzags 
that can be coupled or decoupled, depending on x. The “decoupled” short FM 
zigzag can enhance the overall FM correlation at x near 3/8, and the AFM 
coupling of FM zigzags can progressively increase with x, and be maximized 
at ;t^0.5 where charge localization tendency is strong. 

4.2 Optical pseudogap and charge ordering fluctuation 

Optical conductivity study has been one of unique tools to probe short-range 
fluctuating order parameters of solids. It has successfully revealed a phase- 
correlation time of superconducting order parameter in the normal state of the 
Bi2Sr2CaCu20 8+( ) family and fluctuating charge-density-wave (CDW) order 
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parameters of K 0 . 3 M 0 O 3 and (TaSe^I at high temperature [75, 76]. However, 
up to this point, there are few optical conductivity studies to probe the short- 
range charge correlation above long-range charge ordering temperature, Tqo. 

In parallel with the findings in Section 4. 1 , many recent experiments, such as 
Raman [77], neutron [78, 79], and x-ray [70] scattering studies, showed the ex- 
istence of the spatial and/or temporal fluctuations of the CE-type CO in the FM 
metallic compounds above the Curie temperature Tq. In particular, the neutron 
scattering studies found dynamic (>~1 ps) or short-ranged (~10A ) CE-type 
CO correlation above Tq. Recently, evidences for the existence of incipient 
charge ordering were observed in optical conductivity spectra of a FM bilayer 
manganite Lai^Sri.gM^Or, just above Tq [80]. Based on the experimental 
results in the Section 4.1, the Ca-doped manganites including L^.sCao.sMnOs 
can be an ideal system to investigate the fluctuating CO through optical conduct- 
ivity studies. Thus, optical conductivity spectra a(cj) of the L^-^Ca^MnOa 
system (0.48<x<0.67) were systematically investigated to probe the fluctuating 
CO correlation [81]. For this purpose, high-density poly crystalline specimens 
of Lai-^Ca^MnOa (x=0.48, 0.50, 0.52, 0.60, and 0.67) were investigated, of 
which characteristics are well described in Section 4. 1 . For x=0.48, a FM metal- 
lic state is dominant below Tq ~220 K with a possible short-range CO phase 
below 180 K. However, for x>0.52, the antiferromagnetic long-range CO be- 
comes stabilized at low T ; 7co values of jc= 0.52, 0.60, and 0.67 were 190, 250, 
and 257 K, respectively. The jc= 0.50 sample has Tqo ^180 K and Tq ~220 
K. Note that the x=0.50 sample can have coexistence of the FM metallic and 
the CO insulating states at lower T as well as between Tqo (Tn) and Tq. 

Figure 4.26 (a) shows cj(oj) of the x=0.48, 0.50, and 0.52 samples at 10 K. 
a(cj) of x=0.48 have a large absorption band centered at ~0.5 eV, which can 
be related to incoherent hopping motion of polarons from Mr?+ to Mn 4+ sites 
[64, 82, 83]. On the other hand, an optical gap due to the long-range CO, namely, 
a charge gap is clearly observed in a(u) of x=0.50 and 0.52 at 10 K. A charge 
gap, 2 A, an onset energy of the steeply rising part of a(cu) 9 can be determined 
from a crossing point between x-abscissa and a linear extrapolation line drawn 
at the inflection point of a(u). This procedure has been a common practice 
to evaluate 2 A of various CO materials [84], resulting in 2A(10 K)^0.45 eV 
for both x=0.50 and 0.52 samples. The charge gap energy at the ground state, 
2A(0)^0.45 eV is the largest among numerous CDW systems [76] and charge- 
ordered oxides [84]. This large 2A(0) can be a peculiar characteristic of the 
CE-type CO, indicating unusual stability of the special CO pattern. 

Interestingly, a(cj) of x=0.50 at 10 K show significant in-gap absorption 
below 0.5 eV, while in-gap absorption of jc= 0.52 is negligible at 10 K. One key 
finding from our experiments is that the spectral weight of the in-gap absorption 
is proportional to the amount of FM phase inside the samples. For example, 
decrease of M/H values at 10 K from jc= 0.48 to 0.52 (the inset of Fig. 4.26 (a)) 
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Figure 4.26. Optical conductivity spectra <t(cj) of x=0.48, 0.50, and 0.52 at (a) 10 K and (b) 
300 K. The crossing points between x-axis and linear extrapolation lines give an estimate of the 
charge gap 2A. The inset shows that M/H values measured at 2 kOe after zero field cooling. 



is well correlated with decrease of spectral weight of <j(uj) below 0.5 eV at 10 
K. In addition, the larger M/H values of x=0.50 than x=0.52 are consistent with 
the increased FM regions in x=0.50, located near the CO/FM phase boundary. 
Therefore, the in-gap absorption ofx=0.50 is attributed to a FM phase coexisting 
with a CO phase at low temperature. 

In Fig. 4.26 (b), a(u) of x=0.50 at 300 K reveal anomalous spectral features; 
a(uj) below 1.0 eV are smaller than those of neighboring compounds. Further- 
more, (j{uj) increase steeply with ca, showing a positive curvature at low photon 
energy, which is very similar to the gap-feature observed at 10 K. It is noted that 
this spectral response is not compatible with a single polaron absorption model 
[64]. Instead, the gap feature at 300 K suggests the presence of short-range CO 
or correlated multi-polarons even far above Too- It is noteworthy that it is not 
yet known if a theory for correlated multi-polaron absorption could account for 
the peculiar ct(cj) of x=0.50 above 7co- 

To understand further the anomalous a(cu) of x=0.50, we systematically in- 
vestigated cr(cj) of Lai_ x Ca <T Mn 03 with x=0.50, 0.52, 0.60, and 0.67 (Fig. 
4.27). It is found that T-dependence of the charge gap for ;t=0.50 is also pe- 
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Figure 4.27. <j(cj) of Lai_ s Ca x Mn 03 (0.50<jt<0.67) at various temperature. The arrow for 
each x represents an energy of maximum <t(cj), uu m , at 300 K. With decreasing x from 0.67 
to 0.50, 2 A at the lowest temperature increases (while Tco decreases), and the suppression of 
spectral weight below wm, i.e., the optical pseudogap feature, is systematically enhanced. 



culiar; at 10 K<7X180 K, large 2 A values are observed in a(cu) of x=0.50. 
In particular, 2 A values at T - 250 and 300 K still remain finite, remarkably 
having almost the same magnitude with 2A at 200 K. The a(u) of x=0.52 with 
Tqo ^190 K also show that 2 A remains nonzero up to 7^240 K. These ob- 
servations strongly suggest that the strong fluctuations of short-range CO (or 
correlated multi-polaron) can be responsible for the finite charge gap far above 
Tqo i n the jc= 0.50 and 0.52 samples. 

Even at high T>240 K, where 2 A is no longer finite, there exists significant 
suppression of spectral weight below a photon energy of maximum a(u>), Ufa. 
(arrows in Fig. 4.27). This suppression of spectral weight is accompanied by a 
pseudogap in a( u>), i. e., decreasing <j{uj) below at each T. This pseudogap 
is also observed in the a{u) of *=0.60 and 0.67 at temperatures up to at least 300 
K, even if 2A of *=0.60 and 0.67 becomes zero just above Tqo- Surprisingly, 
it is found that the pseudogap feature shows systematic doping dependence. 
First, u m at 300 K systematically increases as x approaches 0.50 from above 
(See Fig. 4.27). Second, the suppression of spectral weight below at 300 K 
becomes more evident as x approaches 0.50, which finally produces a nonzero 
2A even at 300 K. This systematic enhancement of the pseudogap feature and 
its proximity to the finite 2A far above Tqo near jc= 0.50 consistently suggest 
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Figure 4.28. (a) Spectral weight difference, A o(T)= cr(u; m )ct; m - a(cj)dcc, and (b) optical 

gap, 2A (T) plots ofLai_^Ca x Mn0 3 (0.50<x<67). 

that the optical pseudogap can be attributed to the spatially fluctuating CO 
correlation of Lai_ x Ca x Mn03 (x>0.50) at high T region. 

To investigate the charge gap and its pseudogap developments quantitatively, 
we determined T -dependent suppressed spectral weight, 

r^m 

Aa(T) = cr(u) m )uJ m ~ / a(u;)duj 

Jo 

and 2 A (T) for each x, as shown in Fig. 4.28. Below Tqo, A a(T) values of 
x=0.50 are smaller than those of x=0.52. The proximity to FM phase bound- 
ary at x=0.50 may be responsible for the reduction of A a(T) of x=0.50 at 
low T. It is noted that high-F Acr(T) values of all the samples are clearly 
nonzero up to at least 300 K. In particular, A a(T) values at 300 K increase 
systematically as jc approaches 0.50. At the same time, 2A(0) values in Fig. 
4.28 (b) increase as jc approaches 0.50; 2A(0)^0.2, 0.26, 0.45, and 0.45 eV 
for x=0.67, 0.60, 0.52 and 0.50, respectively. This increase of the 2A(0) is 
well correlated with the increase of A a(T) at 300 K as jc approaches 0.50. 
These findings indicate that the strength of CO stability is clearly maximized 
for x^0.50, being responsible for the enhanced CO fluctuation at high tem- 
perature. Because Tqo of these compounds decreases as x approaches 0.50, 
2A(0)/&bFco values systematically increase: 2A{0)lk^T co ~9, 12, 28, and 30 
forx=0.67, 0.60, 0.52 and 0.50, respectively. The 2A(0 )//cbFco up to 30, an 
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Figure 4.29. The 2A(T)/2A(0) vs T IT co plot. The solid line represents the BCS functional 
form. 



unusually large value among many charge-ordered oxides, indicates strongly 
enhanced electron correlation nearx=0.50 [84, 85]. 

Related with the enhanced pseudogap feature and large 2A(0)//fc7co value 
for jc^ 0.50, 2A(7)/2A(0) vs T/Tqo curves of jc= 0.50 and 0.52 clearly deviate 
from the BCS functional form (Fig. 4.29). For example, 2A(7)/2A(0) values 
of jc= 0.50 are still about 0.25 at T/Tqo « 1.7 (7=300 K) and those values of 
jc= 0.52 are nonzero up to at least T/Tqo ~ 1.2 (T ^240 K). These unique 
2A(7)/2A(0) curves of non-BCS-type are quite consistent with the greatly en- 
hanced spatial and/or temporal CO fluctuation near x=0.50 at high temperature 
regions. However, as x is increased, 2 A(7)/2A(0) curves recover the BCS form 
for x=0.60 and 0.67, as observed in most of CO materials [85]. 

To check how high temperatures this CO fluctuation survives, we studied 
high-T resistivity of Lai_ x Ca x Mn 03 withx>0.50 in Fig. 4.30 (a). Thex=0.50 
sample shows insulating behavior up to above ~850 K, where orthorhombic 
(low T) to rhombohedral (high T ) structural transition occurs. Surprisingly, for 
x>0.52, there exists a crossover from metallic to insulating states as T decreases. 
Moreover, the crossover temperature defined as, 7*, decreases systematically 
as x increases from 0.50. This 7* evolution with x is well correlated to 2 A(0) 
and Acr(300 K) behaviors for 0.50 <jc< 0.67. Furthermore, in Fig. 4.30 (b), 7* 
decreases as Tqq does above jc= 0.67. Our previous study of x=0.80 showed 
2A(0)^0.08 eV, indicating that both 7co and 2A(0) decrease together above 
jc= 0.67 [86]. Therefore, 7* of charge-ordered Lai_ x Ca x Mn 03 is clearly linked 
to 2A(0). This observation supports that 7* can be the temperature where high 
7-CO correlation starts and thus optical pseudogap appears. 
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Figure 4.30. (a) High temperature-p data for Lai_ x Ca x Mn03 for x>0.50. r*(arrow) for each 

x was determined as the T where the linear metallic resistivity starts to deviate, (b) Phase diagram 
of Lai_ x Ca x Mn0 3 with jc >0.50 showing T*, T c o, and 2A(0). The solid lines are guides to 
eye. A solid triangle represents a 2A(0) value of x=0.80 from Ref. [86]. 



Why is 2A(0)/fc B ^co is so large near x=0.50? In a quasi- 1 -dimensional (D) 
CDW system, the CDW fluctuation, induced by low dimensionality, results in 
gap-like features in cr(u;) above the 3D long-range ordering temperature, 

[76]. The mean field transition temperature of 7 mf (equiv 2A(0)/3.5) is usu- 
ally quite larger than T$ q. Between Tmf and T 30 , a crossover from 1-D to 3-D 
correlation occurs at T*. These phenomena have some similarities with what 
observed in Lai_ x Ca x Mn0 3 with x>0.50. However, it is not clear whether the 
striped charge and orbital ordering, and resultant effective low dimensionality 
can induce such unusually large charge fluctuation in 3-D materials. In addi- 
tion, if the low dimensionality induced by striped charge/orbital ordering is the 
main source for the fluctuation, the samples near x=0.67 would have similar 
amount of charge fluctuations due to well-defined charge/orbital ordering at the 
commensurate case. 

The more appealing origin for the enhanced CO fluctuation for x>0.50, can 
be a competition of order parameters in Lai_ x Ca x Mn 03 (x=0.50). Obviously, 
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the commensurate 1 : 1 ratio of Mn 3+ and Mn 4+ ions is compatible with the 
strong CO tendency at x=0.50. At the same time, the double exchange mechan- 
ism predicts that the strength of the FM correlation in L^_ x Ca x Mn 03 should 
be varied as x(\-x) and optimized at x=0.50 [29]. Indeed, L^_ x Ca x Mn 03 
0=0.50) has a thermodynamic bicritical point, where the FM metallic and the 
CO insulting states meet with the paramagnetic insulating state. Therefore, near 
the critical point, competing order parameters can lead to the suppression of 
ordering temperatures as well as increased spatial/temporal fluctuation among 
those phases. This scenario is further supported by a recent computational 
study, predicting that large charge fluctuations could be a generic feature of the 
mixed-phase systems at or near the regimes where a phase separation occurs as 
r-+0K[63]. 

Finally, it will be interesting to check the time and the length scales of 
the fluctuating short-range order that can be observed at a a(uj) study. The 
recent neutron scattering study indicated that CO fluctuations above Tq occur 
with a time scale slower than 1 ps [87, 88, 89]. Thus, frequency-dependent 
optical spectroscopy can probe the presence of fluctuations, because 0.5-1 eV 
corresponds to time scales of 5-10 fs. Besides, an incoming light takes an 
average over a length scale of A In, where A is the wavelength of the light and n 
is the refractive index of the medium. For the 0.5-1 eV energy ranges, n ^3 and 
A In ^300-700 nm. Therefore, when the volume fraction of the CO domains is 
large, 10-100 nm scale CO correlations can be observed by a{u) study [84]. If 
the correlation length is too small, for example, ~10A for the Lai_ x Ca x Mn 03 
(x=0.30) sample, the effects of the CO correlation on the a(u) might not be 
easily distinguished with a strong small polaron absorption band. 

This section presented doping-dependent evolutions of charge-ordering gap 
and its pseudogap in Lai_ x Ca x Mn 03 (0.48<x<0.67) from systematic optical 
conductivity and transport studies. With decreasing x from 0.67 to 0.50, the 
low temperature charge gap systematically increased while charge ordering tem- 
perature decreased. Simultaneously, the optical pseudogap, indicating charge- 
ordering fluctuation at high temperatures, is greatly enhanced as x approaches 
0.50. This study proves that short-range charge ordering fluctuation is 
anomalously strong in manganites. 

5. X-ray scattering studies of high-temperature 
charge/orbital correlations 

Because of the strong coupling between the electronic, magnetic, and struc- 
tural degrees of freedom in manganites, charge/orbital fluctuations in these ma- 
terials are always accompanied by local structural distortions. These distortions 
can be measured directly by x-ray and neutron diffraction techniques. In recent 
years, these techniques have been extensively utilized for the investigation of 
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the local structural distortions in the high-temperature paramagnetic insulating 
(PI) phase of manganites [87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97]. In this 
section, we briefly outline some recent results of these studies, concentrating 
on x-ray diffraction and on three-dimensional perovskite manganites. We note 
that this is not a comprehensive review. In particular, layered manganites are 
not discussed here; the interested reader is referred to Refs. [87, 95, 97]. 

The importance of local structural distortions was first pointed out in connec- 
tion to the anomalously large resistivity of the PI phase [27]. It was proposed 
that small lattice polarons are present in this state. A lattice polaron forms when 
an e 9 electron localizes on a Mn 3+ ion, and the surrounding oxygen octahedron 
distorts due to Jahn-Teller effect. Formation of the lattice polarons leads to the 
increase of the electrical resistivity. The polarons are strongly suppressed in the 
ferromagnetic metallic (FM) state, and therefore it was suggested that they play 
a key role in the CMR effect. Numerous experiments [83,98,99, 100, 101] have 
confirmed the presence of lattice polarons in the PI state including, in particular, 
diffuse x-ray scattering measurements [87, 90] and scattering measurements of 
the pair distribution function (PDF) [101]. 

An important step in understanding the nature of the PI phase was made in 
1999 when it was realized that the local lattice distortion in this phase is not 
necessarily confined to the single oxygen octahedron surrounding a Mn ion. 
Neutron and x-ray diffraction measurements have shown that nanoscale struc- 
tural correlations are present in the PI phase [88, 89, 90, 91, 92, 93, 94, 96]. 
These correlations were initially described as correlated polarons. It was also 
pointed out that in the x=0.3 compounds, these correlations occur at the same 
scattering vector as the charge/orbital peaks in the samples exhibiting long- 
range charge/orbital order of the CE type. Therefore, it was proposed that these 
correlations reflect the presence of nanoscale regions possessing charge and 
orbital order. Importantly, it was shown that the electrical resistivity and the 
intensity of the peaks due to the nanoscale correlations follow very similar tem- 
perature dependencies [88, 89, 91]. The following picture therefore emerged: 
the PI state contains nanoscale insulating regions possessing charge/orbital or- 
der, and it is these regions that are responsible for the enhanced resistivity of 
the PI state. The nanoscale correlations, therefore, were concluded to play an 
important role in the CMR effect. 

Since the original observation of the nanoscale correlations in 
Lai^-Ca^MnC^, they were found in a number of different manganite com- 
pounds [91, 92, 93, 94, 96]. It appears that these correlations are present in the 
PI state in a broad range of carrier concentration, which we tentatively define 
as x=0. 2-0.5, provided that the lattice symmetry is of the orthorhombic O type. 
Interestingly, the correlations are not significantly affected by the nature of the 
low-temperature ordered state. In particular, very similar nanoscale correla- 
tions were found in Pr 0 . 7 Cao. 3 Mn 03 which exhibits the CE-type order at low 
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Figure 4.31. Contour plot of the x-ray intensity around the (4, 4, 0) Bragg peak at T = 230 K in 
Ndo. 7 Sro. 3 Mn 03 (reprinted from [96]). 



temperatures, and in Lao. 7 Cao. 3 Mn 03 , which is a ferromagnetic metal [91]. 
Nanoscale structural correlations, therefore, appear to be a generic feature of 
the orthorhombic PI state in hole-doped manganites. 

Despite significant amount of research activity devoted to the local inhomo- 
geneities in the PI state of the manganites, the exact structure of the correlated 
regions is still largely unknown. Moreover, recent studies indicate that the 
scenario described above, in which nanoscale charge/orbital ordered insulating 
regions are present in the PI state, is in all likelihood oversimplified. Below, we 
describe some recent x-ray scattering studies of the structural correlations in 
the PI state, discuss the implications of these experiments for the local structure 
of the PI state, and pose questions for future research. 

We will focus our discussion on the properties of the N<4_ x Sr x Mn 03 , x=0.3- 
0.5 samples. These properties are representative of the manganites with the FM 
ground state; materials with the charge-ordered ground state will be discussed 
later. The nanoscale correlations give rise to broad diffraction peaks at the (0, 
k, 0), and ( h , 0, 0) reduced scattering vectors, with h,k= 0.35-0.55 in different 
manganites [88, 89, 90, 91, 92, 93, 94, 96]. (We are using the orthorhombic 
Pbnm notation, in which a ~ y/2a c , b ~ V2a c , and c ~2 a c , a c is the cubic 
perovskite lattice constant.) A representative overall scattering pattern is illus- 
trated in Fig. 4.31. The broad peaks at (4.5, 4, 0) and (4, 4.5, 0) reflect the 
presence of the nanoscale correlations. The intensity of these peaks is believed 
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Figure 4.32. x-ray scans along the (4, 6+A k, 0) direction (x=0.45, 0.5), and the (4, 4+A k, 0) 
direction (jc= 0.3). The temperatures are 210 K, 275 K, and 260 K for the x=0.3, 0.45, and 0.5 
samples, respectively (reprinted from 196]). 

to reflect the concentration of the correlated regions, and their width is inversely 
proportional to the region size [96]. The position of the peaks defines the period 
of the lattice modulation in the correlated regions. The peaks are observed on 
top of the “butterfly-like” shaped background which is attributed to scattering 
from uncorrelated polarons, also known as Huang scattering, and to thermal- 
diffuse scattering [87, 90]. To separate this background from the correlated 
peaks, scans along the a or b directions are taken, see Fig. 4.32. These scans 
are fitted to a Gaussian or Lorentzian line shape and a monotonically sloping 
background. 

The parameters of the correlated peaks in the Ndi_. T Sr T Mn 03 samples are 
shown in Fig. 4.33. The peak intensity is strongly reduced in the FM state 
and traces the behavior of the electrical resistivity over the entire temperature 
range in the PI and FM states. Interestingly, in many samples the structural 
correlations do not disappear completely below the Curie temperature even 
at the lowest temperatures. These results are consistent with the earlier PDF 
measurements [101] indicating the presence of local Jahn-Teller distortions in 
the FM state. The data of Fig. 4.33 show that the correlations survive deep in the 
FM region of the phase diagram, indicating that the FM state is inhomogeneous. 

Fig. 4.33 also illustrates two other important observations. First, the 
correlation length of the nanoscale regions is the same in all samples and 
is independent on temperature. The same correlation length is also found 
in other manganites, including Lai-^Ca^MnO,} (x=0.2, 0.3) [88, 89], and 





192 



COLOSSAL MAGNETORESISTIVE MANGANITES 




T (K) 







Figure 4.33. (a) Temperature dependence of the intensity of the peak due to the structural cor- 

relations in Ndi_ x Sr x Mn 03 . The single-polaron background is subtracted, (b) The correlation 
length of the ordered regions, (c) The position of the peak relative to the nearest Bragg peak (the 
lattice modulation wave vector). Reprinted from [96]. 



Lao.75(Cao.45Sro.55)o.25Mn03 [96]. Second, the period of the lattice modu- 
lation is also independent on temperature. It does depend on the sample com- 
position, but in a very regular manner. In Fig. 4.34 we plot the period of the 
lattice modulation as a function of doping, x. Remarkably, all the results shown 
in Fig. 4.34 appear to fall on the same line, which begins atx=0 and 5=2/3, and 
ends at x-\ and 5=0. 

In its mostly widely investigated form, the CMR effect is a field-induced 
transition from the PI to the FM phase. Since the nanoscale correlations are 
suppressed in the FM state, application of a magnetic field should also result in 
their suppression. The data of Fig. 4.35 show that this is indeed the case: as the 
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Figure 4.34. The wave vector 5 of the lattice modulation in the correlated regions as a function 
of doping .v (filled symbols). Open symbols show the wave vector of the structures with long 
range charge and orbital order observed in manganites with x>0.5 (reprinted from [96]). 



magnetic field is applied, the electrical resistivity is reduced, and the intensity 
of the correlated peak is diminished, tracing the behavior of the resistivity [94]. 
Interestingly, a substantial correlated peak is still present at the highest magnetic 
field obtainable in this experiment. The field-induced transition is gradual. 
Assuming that the intensity of the correlated peak reflects the concentration 
of the correlated regions, one concludes that the field-induced state is very 
inhomogeneous. Finally, we note that the magnetic field affects neither the 
correlation length, nor the period of the lattice modulation in the ordered regions. 

Pseudo-cubic perovskite manganites exhibit a number of different struc- 
tural phases, among them orthorhombic, rhombohedral, and tetragonal. The 
nanoscale correlations described above have thus far only been found in the 
orthorhombic O phase. It remains to be seen whether they exist in other struc- 
tural phases. Preliminary measurements suggest the possibility that the rhom- 
bohedral phase does not support the nanoscale fluctuations [102]. An example 
of the data supporting this claim is shown in Fig. 4.36 which shows temperat- 
ure dependence of the correlated peak intensity and the electrical resistivity in 
Lao.75(Cao.45Sr 0 .55)o.25Mn0 3 . This compound exhibits a PI state for T>300 
K. With increasing temperature, the paramagnetic insulating state undergoes 
a structural transition from the orthorhombic O state to a rhombohedral state. 
The data of Fig. 4.36 show that the nanoscale correlations abruptly disappear at 
the orthorhombic-to-rhombohedral transition. At the same time, the electrical 
resistivity is significantly reduced. These observations are in general agreement 
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Figure 4.35. Magnetic field-dependence of (a) the electrical resistivity, (b) the intensity of the 
(4, 4.5, 0) peak due to the correlated distortions, and (c) the correlation length of the ordered 
regions in Ndo. 7 Sro. 3 Mn 03 . All the data were taken at T=2\5 K (reprinted from [94]). 



with the picture in which the correlations reflect the presence of insulating re- 
gions in the sample. 

The above experimental results could be summarized as follows: (i) The 
nanoscale structural correlations are present in the orthorhombic PI state. They 
are suppressed (but not completely destroyed) on the transition to the FM state, 
independent on whether the transition is induced by changing temperature or 
magnetic field, (ii) The correlation length characteristic to the nanoscale regions 
is the same in all samples and does not depend on temperature or magnetic 
field, (iii) The period of the lattice modulation is the same linear function of 
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the concentration of the divalent ion (doping level) x in all the samples. Thus, 
it appears that the structure of the correlated regions in the manganites with the 
FM low-temperature state is defined by a single parameter, x. 

We now turn to the interpretation of these data. We note that the precise 
determination of the structure of the correlated regions, similar to that carried 
out for the layered manganites [95], is yet to be done. At this stage, there- 
fore, we can only present some current ideas on this subject. From the very 
beginning, the correlated regions were described as small regions possessing 
charge and orbital order [88, 89, 103]. This suggestion was made based on the 
observed scattering vectors of the maxima of the broad correlated peaks. In the 
case of x=0.3, these peaks are observed at the same positions as the so-called 
orbital-ordering peaks in the CE-type charge/orbital ordered state. Thus, it was 
proposed that small regions with the CE-type order are present in the PI state. 
As x deviates from 0.3, different charge/orbital ordered structures, possibly con- 
taining discommensurations, were speculated to be realized [96]. In particular, 
as x approaches 0.5, the lattice modulation period approaches 3, and one of 
the striped structures observed in highly doped manganites could be realized. 
It was also pointed out that if the ordered regions are well defined, their ac- 
tual size could be significantly larger than the correlation length shown in Figs. 
4.33 and 4.35, which was defined as inverse half-width at half-maximum of the 
peaks [96]. Thus, the charge and orbital ordered structures described above are 
compatible with the experimental results. 

In the above scenario, the charge-ordered structures are observed at doping 
levels different from those of the corresponding long-range-ordered counter- 
parts. The CE-type order, for example, is most stable at jc= 0.5, and the striped 
structure with a period 3 is observed at x=2/3 (see open symbols in Fig. 4.34). 
As a possible reason for this discrepancy, it was proposed that charge-poor and 
charge-rich regions are formed in the sample [96]. The charge concentration 
in the charge-depleted regions could then be close to the ideal concentration 
needed for the formation of the charged-ordered structures with the observed 
periodicity. Several possible reasons for such variations of the charge dens- 
ity were proposed. First, it can result from chemical inhomogeneities. It is, 
however, difficult to see how chemical inhomogeneities would explain the ob- 
served common features in a variety of samples with quite different chemical 
compositions. 

Second, even in the absence of chemical inhomogeneities, the formation of 
charge-rich and charge-poor regions is still possible. A number of theoretical 
calculations, in fact, predict such a phase separation [16]. Moreover, electronic 
phase separation appears to be a generic feature of almost any current theory 
describing mixed- valence manganites. Note, the usual argument that Coulomb 
interaction would prevent significant spatial charge segregation should not ne- 
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Figure 4.36. (a) Temperature dependence of the intensity of the peak due to the structural 

correlations in Lao.75(Cao.45Sro.55)o.25Mn03. The single-polaron background is subtracted, 
(b) Temperature dependence of the electrical resistivity. The data were taken on heating. 



cessarily work in the case of nanoscale domains. This interaction could, of 
course, be one of the factors limiting the ordered region size. 

It is interesting to note that manganites with the long-range CE-type and 
striped order exhibit the O-orthorhombic structure with the lattice constants 
c/V 2 <b ~ a [104, 105]. The c-axis contraction in these compounds reflects 
the Jahn-Teller distortion of the Mn 3+ C>6 octahedra with the long axis lying 
in the ab plane. Thus, on average, the long axes of the MnCfc octahedra lie 
in the ab plane in both the long-range charge ordered phase, and in the O 
paramagnetic insulating state. In contrast, the MnOfc octahedra are undistorted 
in the rhombohedral ( R3c ) state [106]. It appears, therefore, that the average 
lattice distortion characteristic to the O state promotes (or, possibly, reflects) 
formation of the nanoscale correlations. Since there is no a priori requirement 
that the local symmetry of the nanoscale ordered regions should match the 
average symmetry of the crystal lattice, this is quite an interesting observation. 
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Finally, we note that the case of the transition from the PI or FM phase directly 
to the charge-ordered phase, such as in Pri_ x Ca x Mn 03 or Lao.sCao.sMnOa, is 
more complex. In such transitions, the periodicity of the lattice modulation 
and the correlation length vary on warming as the low-temperature, long-range 
charge order disappears and the high-temperature correlations arise [9 1 , 92, 93]. 
The existing experimental data are not completely consistent, and it is unclear 
as to what extent they reflect the intrinsic properties of the PI state. Systematic 
measurements at temperatures much larger than the charge-ordering transition 
temperature are needed to answer this question. 

Summing up, it appears that the important role of nanoscale structural cor- 
relations in manganites is currently quite well established. In particular, the 
presence of these correlations is one of the factors leading to the large mag- 
netoresistance observed in these compounds. The correlations are found in a 
number of different manganite compounds, they show a systematic behavior, 
and, therefore, these correlations are not likely to be the artifacts resulting from 
unclean samples or secondary phases. 

However, both the experimental investigation of the local structure of the 
phases exhibiting nanoscale correlations, and the theoretical work on the mech- 
anism of their formation are still in their beginning stage. While the simple 
interpretation of the experimental data given above appears to be reasonable, 
there are several important problems with it. First, the integrated intensity of 
the correlated peaks is surprisingly small. Calculations based on the assump- 
tion that the magnitude of the lattice distortion in the correlated regions is the 
same as that in the corresponding long-range ordered phases produce extremely 
small estimates for the volume fraction of the charge-ordered regions in the PI 
state. Different authors give estimates for this fraction ranging from several 
percent [107] to a small fraction of 1 percent [102]. It is hard to see how such a 
small volume fraction could have a profound effect on the transport properties. 
Second, the “uncorrelated polarons” and the “nanoscale correlations” are now 
often treated as two separate objects. In our opinion, this separation is not alto- 
gether justified, and both the q- 0 and the g~0.5 signals might originate from the 
same object. Further studies of diffuse scattering in these materials, including 
energy-resolved studies, are clearly needed to address these problems. 

The example of manganites clearly shows that local nanoscale inhomogeneit- 
ies could have a great influence on the bulk properties. Numerous recent studies 
show that similar inhomogeneities are likely to play an important role in other 
correlated materials, cuprates and nickelates among them. Understanding the 
intriguing properties of the correlated materials, therefore, will require under- 
standing details of their local structure. Experimental and theoretical studies 
addressing this issue will, therefore, play an important role in future work on 
correlated materials. 
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6. Conclusions 

In this review chapter, we presented extensive experimental evidence to sup- 
port the unambiguous existence of phase modulations in mixed-valent man- 
ganites. It is revealed that two important non-trivial inhomogeneities (or phase 
modulations) play an important role in producing colossal magnetoresistance in 
mixed-valent manganites, i.e., sub-micrometer-scale (macroscopic) and nano- 
scale (microscopic) phase coexistence/fluctuation. The first (macroscopic) 
phase separation is caused by the coexistence of mainly ferromagnetic metallic 
and charge-ordered insulating domains at low temperatures with micrometer 
length scales. Extensive experimental evidence for such a large-length-scale 
phase modulation was found in the Pr 3- ^ -substituted La 3 ^ 8 Ca^ 8 MnC>3 system 
where the relative volume of the electronically- and magnetically-distinct re- 
gions varies with Pr substitution. However, it is important to note that both 
of the main two phases have the same charge densities but quite different 
long-range strains, resulting from the significantly different crystallographic 
structures of the metallic and insulating phases. It is this lattice strain that 
produces such large-length-scale phase coexistence at low temperature. This 
physical situation resembles what generally happens in martensitic systems, 
in which crystallographically-different phases can coexist at low temperatures 
to accommodate the significant long-range strain associated with the martens- 
itic transformation. Even if many magnetotransport properties of the system 
can be understood within a percolation model between two different electronic 
phases, it is still necessary that martensitic-transformation-effects should be 
included to understand adequately many physical properties of the system. For 
example, a martensite-like transformation can naturally bring another charge- 
disordered insulating phase with lattice strains different from those of the main 
two phases into play. Thus, extremely sensitive and huge magnetoresistance 
under an applied magnetic field at low temperature should be also associated 
with the special situation that structurally different phases can coexist and that 
they show avalanche-effects when they switch to a new phase under magnetic 
fields. 

The other important phase modulation discussed in this chapter is caused by 
nano-scale charge/orbital correlated nano-clusters (or nano-scale charge/orbital 
ordering) in the background of the paramagnetic state above the Curie temper- 
ature (or charge ordering temperature). Experimental evidence from transport, 
magnetism, optical spectroscopy, and x-ray scattering studies were presented 
to show that microscopic phase fluctuation effects can exist over broad dop- 
ing ranges of the prototypical Lai-^Ca^MnC^ and Ndi_ x Sr x Mn03 systems 
above the long-range ordering temperatures. In particular, those results revealed 
that unusually large fluctuation of the CE-type charge/orbital ordering exists in 
the samples near the special half-doped manganite LqxsCao.sMnC^. Based 
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on present and previous results, the high temperature CE-type correlations 
are expected to be dominant over a broad doping ranges of L^_ x Ca x Mn 03 
(0.3<jc< 0.7) and Ndi_ x Sr x Mn 03 (0.3<jc< 0.5). In the future, it will be in- 
teresting to identify the exact nature of nano-correlation as a function of 
carrier concentration at high temperature in many ferromagnetic as well as 
charge/orbital-ordered manganites. Additionally, we have provided convin- 
cing experimental evidence for the existence of T*, the cluster- forming tem- 
perature, in Lai_^Ca x Mn 03 , particularly with x>0.5. The existence for T* in 
low-hole-doping manganites is still not clear yet because transport is always 
insulating-like up to structural transition temperatures. Future studies are quite 
necessary directed toward understanding the phase fluctuation effects in the low 
hole-doping regime of Lai_ x Ca x Mn 03 . Finally, it is important to note that 
many systematic studies of various manganites now indicate that the insulating 
nature above the Curie temperature is always associated with the presence of 
charge/orbital correlated nano-clusters, existing only in orthorhombic crystal- 
lographic structures. Thus, the nano-clusters will play a key role in producing 
CMR near the insulator-metal transition of the manganites. In other words, 
sensitive collapse of nano-scale charge/orbital ordering under a small magnetic 
field will essentially produce a huge drop in resistivity, inducing large negative 
magnetoresistance just above the Curie temperature. 

There remain several interesting unsolved questions. First, most of the com- 
peting interactions in manganites seem to produce fluctuations of competing 
order parameters near its thermodynamic critical or bi-critical points at finite 
temperatures according to the electronic/magnetic phase diagram shown in Fig. 
4.1. On the other hand, it remains to be experimentally clarified whether the 
giant fluctuations of the half-doped manganites are a direct consequence of 
the coexistence of competing order parameters even at zero temperature as a 
theoretical model suggests [16]. In this context, the role of quantum fluctu- 
ations should be investigated more systematically to determine whether com- 
petition of order parameters at zero temperature can play a key role in producing 
nanoscale-phase coexistence/fluctuation in an unusual phase space in perovskite 
manganites. Second, the long-range strain-induced phase coexistence might be 
a generic feature in the manganites with strong Jahn-Teller effects. However, 
local physics based on a Jahn-Teller electron-phonon coupling alone doesn’t 
seem to be enough to describe the observed unique phase modulation with 
micrometer length scale. Theoretical and experimental investigations direc- 
ted toward understanding the metal-insulator transition induced by long-range 
strain are important. Third, it is still puzzling why ferromagnetism and metal- 
licity are optimized at the commensurate hole-doping x=3/8, where enhanced 
electron-phonon coupling can be expected to result in localization of carriers 
[10]. Enhanced metallicity exhibited for special commensurate doping might be 
related to a dynamic nano-scale charge/orbital ordering with stripe correlations. 
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It is now well known that the high-1^ cuprates have dynamic and short-ranged 
stripe correlations even in the superconducting regime. While static charge 
ordering is clearly compatible with localization of carriers, the exact role of 
dynamic stripe correlations on the metallicity or superconductivity is still not 
understood in the cuprates. In this context, the role of dynamic stripe cor- 
relations on the carrier mobility should be further investigated in manganites. 
Finally, the discovery of two important phase-separation phenomena, micro- 
and macro-scopic, increase our understanding of colossal magnetoresistance 
found in the perovskite manganites at high and low temperatures, respectively. 
Phase-modulation phenomena, and related physics established in manganites, 
however, will be broadly applicable to other strongly correlated material sys- 
tems, wherein two or multi-competing interactions coexist. 
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Abstract In this review, the present status of theories for manganites is discussed. The 
complex phase diagrams of these materials, with a variety of spin-charge-orbital 
ordering tendencies, is addressed using mean-field and Monte Carlo simulation 
techniques. The stability of the charge-ordered states, such as the CE-state at half- 
doping, appears to originate, in part, in the topology of the zigzag chains present in 
those states. In addition, it is argued that phase separation tendencies are notorious 
in realistic models for Mn-oxides. They produce nanoscale clusters of competing 
phases, either through an electronic separation tendency or through the influence 
of disorder on first-order transitions. These inhomogeneities lead to a “colossal” 
magnetoresistance (CMR) effect, compatible with experiments. This brief review 
is based on a more extensive work recently presented [E. Dagotto, T. Hotta, and 
A. Moreo, Phys. Rep. 344, 1 (2001)]. There, a comprehensive analysis of the 
experimental literature can be found. In real manganites, the tendencies toward 
inhomogeneous states are notorious in CMR regimes, in excellent agreement 
with the theoretical description outlined here. 
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1. Early Theoretical Studies of Manganites 

Most of the early theoretical work on manganites focused on the qualitative 
aspects of the experimentally discovered relation between transport and mag- 
netic properties, namely the increase in conductivity upon the polarization of 
the spins. Not much work was devoted to the magnitude of the magnetores- 
istance effect itself. The formation of coexisting clusters of competing phases 
was not included in the early considerations, but this is the dominant theory at 
present. The states of manganites were assumed to be uniform, and “Double 
Exchange” (DE) was proposed by Zener [1] as a way to allow for charge to 
move in manganites by the generation of a spin polarized state. The DE pro- 
cess has been historically explained in two somewhat different ways. Origin- 
ally, Zener considered the explicit movement of electrons schematically written 
as Mn^02|,3|Mn 4+ — > Mn 4+ Oi^ 3 jMn;^ where 1, 2, and 3 label electrons 
that belong either to the oxygen between manganese, or to the ^ -level of the 
Mn-ions. In this process there are two simultaneous motions (thus the name 
double-exchange) involving electron 2 moving from the oxygen to the right 
Mn-ion, and electron 1 from the left Mn-ion to the oxygen. The second way to 
visualize DE processes was presented in detail by Anderson and Hasegawa [2] 
and it involves a second-order process in which the two states described above 
go from one to the other using an intermediate state Mri^ 03 j Mn^ 4 . In this 
context the effective hopping for the electron to move from one Mn-site to the 
next is proportional to the square of the hopping involving the p-oxygen and 
d-manganese orbitals (fpd). In addition, if the localized spins are considered 
classical and with an angle 9 between nearest-neighbor ones, the effective hop- 
ping becomes proportional to cos (0/2), as shown by Anderson and Hasegawa. 
If 9=0 the hopping is the largest, while if 9=tt , corresponding to an antiferro- 
magnetic background, then the hopping cancels. 

Note that the oxygen linking the Mn-ions is crucial to understand the origin of 
the word “double” in this process. Nevertheless, the majority of the theoretical 
work carried out in the context of manganites simply forgets the presence of 
the oxygen and uses a manganese-only Hamiltonian. It is interesting to observe 
that ferromagnetic states appear in this context even without the oxygen. It 
is clear that the electrons simply need a polarized background to improve their 
kinetic energy, in similar ways as the Nagaoka phase is generated in the one- 
band Hubbard model at large U/t (for a high -T c review, see Ref. [3]). This 
tendency to optimize the kinetic energy is at work in a variety of models and 
the term double-exchange appears unnecessary. However, in spite of this fact 
it has become customary to refer to virtually any ferromagnetic phase found in 
manganese models as “DE induced” or “DE generated”, forgetting the historical 
origin of the term. In this review a similar convention will be followed, namely 
the credit for the appearance of FM phases will be given to the DE mechanism, 
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although a more general and simple kinetic-energy optimization is certainly at 
work. 

Regarding the stabilization of ferromagnetism, computer simulations [4] and 
a variety of other approximations have clearly shown that models without the 
oxygen degrees of freedom (to be reviewed below) can also produce FM phases, 
as long as the Hund coupling is large enough. In this situation, when the ^ 
electrons directly jump from Mn to Mn their kinetic energy is minimized if all 
spins are aligned. As explained before, this procedure to obtain ferromagnet- 
ism is usually also called double-exchange and even the models from where it 
emerges are called double-exchange models. 

At this point it is useful to discuss the well-known proposed “spin canted” 
state for manganites. Work by de Gennes [5] using mean-field approximations 
suggested that the interpolation between the antiferromagnetic state of the un- 
doped limit and the ferromagnetic state at finite hole density, where the DE 
mechanism works, occurs through a “canted state”, similar as the state pro- 
duced by a magnetic field acting over an antiferromagnet. In this state the spins 
develop a moment in one direction, while being mostly antiparallel within the 
plane perpendicular to that moment. The coexistence of FM and AF features 
in several experiments carried out at low hole doping (some of them reviewed 
below) led to the widely spread belief, until recently, that this spin canted state 
was indeed found in real materials. However, a plethora of recent theoretical 
work (also discussed below) has shown that the canted state is actually not 
realized in the model of manganites studied by de Gennes (i.e., the simple one- 
orbital model). Instead phase separation occurs between the AF and FM states, 
as extensively reviewed below. Nevertheless, a spin canted state is certainly 
still a possibility in real low-doped manganites but its origin, if their presence 
is confirmed, needs to be revised. It may occur that substantial Dzyaloshinskii- 
Moriya (DM) interactions appear in manganese oxides, but the authors are not 
aware of experimental papers confirming or denying their relevance. 

Early theoretical work on manganites carried out by Goodenough [6] ex- 
plained many of the features observed in the neutron scattering L%_ x Ca x Mn 03 
experiments by Wollan and Koehler [7], notably the appearance of the A-type 
AF phase at x=0 and the CE-type phase at x=0.5. The approach of Goodenough 
was based on the notion of “semicovalent exchange”. Analyzing the various 
possibilities for the orbital directions and generalizing to the case where Mrf + 
ions are also present, Goodenough arrived to the A- and CE-type phases of man- 
ganites very early in the theoretical study of these compounds. In this line of 
reasoning, note that the Coulomb interactions are important to generate Hund- 
like rules and the oxygen is also important to produce the covalent bonds. The 
lattice distortions are also quite relevant in deciding which of the many possible 
states minimizes the energy. However, it is interesting to observe that in more 
recent theoretical work described below in this review, both the A- and CE-type 
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phases can be generated without the explicit appearance of oxygen atoms in the 
models and also without including long-range Coulombic terms. 

Summarizing, there appears to be three mechanisms to produce effective 
FM interactions: (i) double exchange, where electrons are mobile, which is 
valid for non charge-ordered states and where the oxygen plays a key role, (ii) 
Goodenough’s approach where covalent bonds are important (here the electrons 
do not have mobility in spite of the FM effective coupling), and it mainly applies 
to charge-ordered states, and (iii) the approach based on purely Mn models (no 
oxygen atoms) which leads to FM interactions mainly as a consequence of the 
large Hund coupling in the system. If phonons are introduced in the model it 
can be shown that the A-type and CE-type states are generated. In the remaining 
theoretical part of the review most of the emphasis will be given to approach 
(iii) to induce FM bonds since a large number of experimental results can be 
reproduced by this procedure, but it is important to keep in mind the historical 
path followed in the understanding of manganites. 

Based on all this discussion, it is clear that reasonable proposals to understand 
the stabilization of AF and FM phases in manganites have been around since 
the early theoretical studies of manganese oxides. However, these approaches 
(double exchange, ferromagnetic covalent bonds, and large Hund coupling) are 
still not sufficient to handle the very complex phase diagram of manganites. 
For instance, there are compounds such as Lai_ x Sr x Mn 03 that actually do not 
have the CE-phase at x=0.5, while others do. There are compounds that are 
never metallic, while others have a paramagnetic state with standard metallic 
characteristics. And even more important, in the early studies of manganites 
there was no proper rationalization for the large MR effect. It is only with the use 
of state-of-the-art many-body tools that the large magnetotransport effects are 
starting to be understood, thanks to theoretical developments in recent years 
that can address the competition among the different phases of manganites, 
their clustering and mixed-phase tendencies, and dynamical Jahn-Teller polaron 
formation. 

The prevailing ideas to explain the curious magnetotransport behavior of 
manganites changed in the mid-90’s from the simple double-exchange scenario 
to a more elaborated picture where a large Jahn-Teller (JT) effect, which occurs 
in the Mn 3+ ions, produces a strong electron-phonon coupling that persists 
even at densities where a ferromagnetic ground-state is observed. In fact, in 
the undoped limit x=0, and even at finite but small x, it is well-known that a 
robust static structural distortion is present in the manganites. In this context, it 
is natural to imagine the existence of small lattice polarons in the paramagnetic 
phase above Tq, and it was believed that these polarons lead to the insulating 
behavior of this regime. Actually, the term polaron is somewhat ambiguous. In 
the context of manganites it is usually associated with a local distortion of the 
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lattice around the charge, sometimes together with a magnetic cloud or region 
with ferromagnetic correlations (magneto polaron or lattice-magneto polaron). 

The fact that double-exchange cannot be enough to understand the physics 
of manganites is clear from several different points of view. For instance, 
Millis, Shraiman and Littlewood [8] arrived at this conclusion by presenting 
estimations of the critical Curie temperature and of the resistivity using the DE 
framework. It is clear that the one-orbital model is incomplete for quantitative 
studies since it cannot describe, e.g., the key orbital-ordering of manganites and 
the proper charge-order states at x near 0.5, which are so important for the truly 
CMR effect found in low-bandwidth manganites. Not even a fully disordered 
set of classical spins can scatter electrons as much as needed to reproduce the 
experiments (again, unless large antiferromagnetic regions appear in a mixed- 
phase regime). 

Millis, Shraiman and Mueller [9] (see also Refs. [10, 11, 12]) argued that the 
physics of manganites is dominated by the interplay between a strong electron- 
phonon coupling and the large Hund coupling effect that optimizes the electronic 
kinetic energy by the generation of a FM phase. The large value of the electron 
phonon coupling is clear in the regime of manganites below x=0.20 where 
a static JT distortion plays a key role in the physics of the material. Millis, 
Shraiman and Mueller argued that a dynamical JT effect may persist at higher 
hole densities, without leading to long-range order but producing important 
fluctuations that localize electrons by splitting the degenerate ^ levels at a 
given MnOe octahedron. The calculations were carried out using the infinite 
dimensional approximation that corresponds to a local mean-field technique 
where the polarons can have only a one site extension, and the classical limit 
for the phonons and spins was used. The Coulomb interactions were neglected, 
but further work reviewed below showed that JT and Coulombic interactions 
lead to very similar results [13]. Millis, Shraiman and Mueller [9] argued that 
the ratio \ e ^=E^lt e ^ dominates the physics of the problem. Here £jt is the 
static trapping energy at a given octahedron, and 4ff is an effective hopping 
that is temperature dependent following the standard DE discussion. In this 
context it was conjectured that when the temperature is larger than Tq the 
effective coupling Aeff could be above the critical value that leads to insulating 
behavior due to electron localization, while it becomes smaller than the critical 
value below Tc, thus inducing metallic behavior. However, in order to describe 
the percolative nature of the transition found experimentally and the notorious 
phase separation tendencies, calculations beyond mean-field approximations 
are needed, as reviewed later in this paper. Similar phase separation ideas have 
been discussed extensively in the context of high temperature superconductors 
as well (see Ref. [14]. See also Ref. [15]). 
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2. Model for Manganites 

Before proceeding to a description of the latest theoretical developments, 
it is necessary to clearly write down the model Hamiltonian for manganites. 
For complex materials such as the Mn-oxides, unfortunately, the full Hamilto- 
nian includes several competing tendencies and couplings. However, as shown 
below, the essential physics can be obtained using relatively simple models, 
deduced from the complicated full Hamiltonian. 

2.1 Crystal field effect 

In order to construct the model Hamiltonian for manganites, let us start 
our discussion at the level of the atomic problem, in which just one electron 
occupies a certain orbital in the 3d shell of a manganese ion. Although for an 
isolated ion a five-fold degeneracy exists for the occupation of the 3d orbitals, 
this degeneracy is partially lifted by the crystal field due to the six oxygen 
ions surrounding the manganese forming an octahedron. This is analyzed by 
the ligand field theory that shows that the five-fold degeneracy is lifted into 
doubly-degenerate eg-orbitals (d x 2_ y 2 and d% z 2 _ r 2 ) and triply-degenerate g- 
orbitals (d xy , d yz , and d zx ). The energy difference between those two levels is 
usually expressed as 10 Dq, by following the traditional notation in the ligand 
field theory. 

Here note that the energy level for the fe g -orbitals is lower than that for eg- 
orbitals. Qualitatively this can be understood as follows: The energy difference 
originates in the Coulomb interaction between the 3d electrons and the oxygen 
ions surrounding manganese. While the wave-functions of the ^-orbitals is 
extended along the direction of the bond between manganese and oxygen ions, 
those in the ^g-orbitals avoid this direction. Thus, an electron in ^g-orbitals is 
not heavily influenced by the Coulomb repulsion due to the negatively charged 
oxygen ions, and the energy level for feg -orbitals is lower than that for eg- 
orbitals. 

As for the value of 10 Dq, it is explicitly written as (see Ref. [16]) 



10 Dq = 



5 Ze 2 (r 4 ) 
3 a a 4 



(5.1) 



where Z is the atomic number of the ligand ion, e is the electron charge, a is 
the distance between manganese and oxygen ions, r is the coordinate of the 3d 
orbital, and (• • • ) denotes the average value by using the radial wavefunction 
of the 3d orbital. Estimations by Yoshida (page 29 of Ref. [17]) suggest that 
10 Dq is about 10000- 15000cm -1 (remember that leV = 8063 cm -1 ). 
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2.2 Coulomb interactions 

Now consider a Mn 4+ ion, in which three electrons exist in the 3d shells. 
Although those electrons will occupy t^g -orbitals due to the crystalline field 
splitting, the configuration is not uniquely determined. To configure three 
electrons appropriately, it is necessary to take into account the effect of the 
Coulomb interactions. In the localized ion system, the Coulomb interaction 
term among d-electrons is generally given by 



H \=~ 
1 2 



E E 

71 72 7i 72 ^1^2 cr'icr' 2 



^71 cri , 72 ^ 2 . 72^2 ^ 7 l °1 ^ 72^2 ^72 °2 ^1 a l ' 



(5.2) 



where d\ 1G is the annihilation operator for a d-electron with spin a in the 7 - 
orbital at site i, and the Coulomb matrix element is given by 



x 71 ax ,72 cr 2 r/i CTi : 7 2 cr 2 



drdr'0; lCT1 (r)^ 2 7rOffr-r'(/> 7 ^ ( T' 1 (r)0 7 ' (T '(r , 



(5.3) 



Here g r - r ' is the screened Coulomb potential, and ^(r) is the Wannier func- 
tion for an electron with spin a in the 7 -orbital at position r. By using the 
Coulomb matrix element, the so-called “Kanamori parameters”, U, If, J, and 
J', are defined as follows (see Refs. [18, 19, 20]). U is the intraband Coulomb 
interaction, given by 



U = 



£ 7cr,7(J :y<j,ycr 



(5.4) 



with a 7 ^ a'. I ' is the interband Coulomb interaction, expressed by 



U' 



a 7<t, 7 (7 ;7<J,7 cr •> 



with 7 ^ 7 '. J is the interband exchange interaction, written as 



(5.5) 



J — I~y<7.~f f o' : 7 / <7, 7 <j / 



(5.6) 



with 7 / 7 '. Finally, J' is the pair-hopping amplitude between different orbit- 
als, given by 



J ' 



= I, 



verier ;7'<r,7 'cr 



(5.7) 



with 7 / 7 ' and a 7 ^ a' . 

Note the relation J=J\ which is simply due to the fact that each of the 
parameters above is given by an integral of the Coulomb interaction sandwiched 
with appropriate orbital wave functions. Analyzing the form of those integrals 
the equality between J and J r can be deduced [see Eq. (2.6) of Ref. [20]. See 
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also the Appendix of Ref. [21]]. Using the above parameters, it is convenient 
to rewrite the Coulomb interaction term in the following form: 



= 



+ 

+ 



U 



2 / ^ n nc T n iicr' - 2 



7 E 

7,cr/cr / 

7 57 d'i'yv' ( hy'a 



U' v- 

+ T E 

a,a' , 7 / 7 ' 



Tl (j Tl ' q-' 



cr,cr',7^7 / 



J' 



y! ^cr^ycr' ? 



^"/cr',7/7' 



(5.8) 



where ni 7<J = Here it is important to clarify that the parameters U, 

[/', and J are not independent (here J=J is used). The relation among them 
in the localized ion problem has been clarified by group theory arguments, 
showing that all the above Coulomb interactions can be expressed by the so- 
called “Racah parameters” (for more details, see Ref. [22]. See also Ref. [23]). 
By using those expressions for C7, U' and J, it is easily checked that the relation 



U = U' + 2 J 



(5.9) 



holds in any combination of orbitals. Note that this relation is needed to recover 
the rotational invariance in orbital space. For more details the reader should 
consult Ref. [24]. 

Now let us move to the discussion of the configuration of three electrons for 
the Mn 4+ ion. Since the largest energy scale among the several Coulombic 
interactions is £7, the orbitals are not doubly occupied by both up- and down- 
spin electrons. Thus, only one electron can exist in each orbital of the triply 
degenerate t 2 g sector. Furthermore, in order to take advantage of J, the spins 
of those three electrons point along the same direction. This is the so-called 
“Hund’s rule”. 

By adding one more electron to Mn 4+ with three up-spin ^-electrons, let 
us consider the configuration for the Mn? + ion. Note here that there are two 
possibilities due to the balance between the crystalline-field splitting and the 
Hund coupling: One is the “high-spin state” in which an electron occupies the 
e g -orbital with up spin if the Hund coupling is dominant. In this case, the energy 
level appears at U f — J+lODq. Another is the “low-spin state” in which one of 
the £ 2 g-orbitals is occupied with a down-spin electron, when the crystalline-field 
splitting is much larger than the Hund coupling. In this case, the energy level 
occurs at C/+2J. Thus, the high spin state appears if 10Dq<5J holds. Since 
J is a few eV and 10 Dq is about leV in the manganese oxide, the inequality 
10Dq<5 J is considered to hold. Namely, in the Mn 3+ ion, the high spin state 
is realized. 
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In order to simplify the model without loss of essential physics, it is reas- 
onable to treat the three spin-polarized fe g -electrons as a localized “core-spin” 
expressed by Si at site i, since the overlap integral between feg and oxygen pa 
orbital is small compared to that between eg and pa orbitals. Moreover, due to 
the large value of the total spin 5=3/2, it is usually approximated by a classical 
spin (this approximation will be tested later using computational techniques). 
Thus, the effect of the strong Hund coupling between the ^-electron spin and 
localized t2g-spins is considered by introducing 

#Hund = -J H E S i ' Sj’ (5.10) 

i 

where si= J2 7 a/3 dj a aj gdi 7J g, ^h(> 0) is the Hund coupling between localized 
t2 g -spin and mobile e g -electron, and a=(a x , a y ,a z ) are the Pauli matrices. The 
magnitude of Jh is of the order of J. Here note that Si is normalized as |Si|=l. 
Thus, the direction of the classical t2 g -spin at site i is defined as 

Si = (sin^icos^i.sin^isin^i.cos^i), (5.11) 

by using the polar angle 0\ and the azimuthal angle fa. 

Unfortunately, the effect of the Coulomb interaction is not fully taken into 
account only by T?Hund since there remains the direct electrostatic repulsion 
between e g -electrons, which will be referred to as the “Coulomb interaction” 
hereafter. Then, the following term should be added to the Hamiltonian. 

ff el _ el = J2 h ? + v Y 1 m ’ (5 - : i : 2) 

i <ij> 

where p\ — • Note here that in this expression, the index 7 for 

the orbital degree of freedom runs only in the ^-sector. Note also that in 
order to consider the effect of the long-range Coulomb repulsion between 
electrons, the term including V is added, where V is the nearest-neighbor 
Coulomb interaction. 

2.3 Electron-phonon coupling 

Another important ingredient in manganites is the lattice distortion coupled 
to the e g -electrons. In particular, the double degeneracy in the ^-orbitals is 
lifted by the Jahn-Teller distortion of the MnCfe octahedron [25]. The basic 
formalism for the study of electrons coupled to Jahn-Teller modes has been 
set up by Kanamori [26]. He focused on cases where the electronic orbitals 
are degenerate in the undistorted crystal structure, as in the case of Mn in an 
octahedron of oxygen atoms. As explained by Kanamori, the Jahn-Teller effect 
in this context can be simply stated as follows; when a given electronic level of a 
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cluster is degenerate in a structure of high symmetry, this structure is generally 
unstable, and the cluster will present a distortion toward a lower symmetry ionic 
arrangement. In the case of Mn 3+ , which is doubly degenerate when the crystal 
is undistorted, a splitting will occur when the crystal is distorted. The distortion 
of the MnOe octahedron is “cooperative” since once it occurs in a particular 
octahedron, it will affect the neighbors. The basic Hamiltonian to describe the 
interaction between electrons and Jahn-Teller modes was written by Kanamori 
and it is of the form 

HE = g{Q2iT ] f + Q 3i Tn + {k iT /2){Q 2 2i + Q 2 3i ), (5.13) 



where g is the coupling constant between the ^-electrons and distortions of the 
MnC>6 octahedron, Q 21 and Qs\ are normal modes of vibration of the oxygen 
octahedron that remove the degeneracy between the electronic levels, and t 
is the spring constant for the Jahn-Teller mode distortions. The pseudospin 
operators are defined as 

-^i ~y^(^iacr^ ibcr d\ h(T d\^ a )^ Tj =y^(^i ao -^iao- ~ ^jbrr^ibcr)- (5.14) 

< 7 a 

In the expression of Hp- , a T? -term does not appear for symmetry reasons, since 
it belongs to the A 2 U representation. The non-zero terms should correspond to 
the irreducible representations included in E^xE g , namely, E g and Ai g . The 
former representation is expressed by using the pseudo spin operators T? and 
T? as discussed here, while the latter, corresponding to the breathing mode, is 
discussed later. 

Following Kanamori, Q 2 \ and Q%\ are explicitly given by 



Q 21 



T2 {Xv '~ X «- 



Y 2i + y 5i ), 



(5.15) 



and 

Qsi — (2^3i — 2Zgi — Xu + X41 — Y21 + y 5 i), (5.16) 

where X /ZJ , Y ^ LJ , and are the displacement of oxygen ions from the equilib- 
rium positions along the x-, y -, and ^-direction, respectively. The convention 
for the labeling fi of coordinates is shown in Fig. 5.1. 

To solve this Hamiltonian, it is convenient to scale the phononic degrees of 
freedom as 

Q2i = (g/k JT)<? 2 i, Q31 = (g/kjT)Q3i, (5.17) 

where g/kjT is the typical length scale for the Jahn-Teller distortion, which is 
of the order of O.lA, namely, 2.5% of the lattice constant. When the Jahn-Teller 
distortion is expressed in the polar coordinate as 



Q2i — Qi sin£i, 93i = 9iCOs£i, 



(5.18) 
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Figure 5.1. MnOe octahedron at site i. The labeling for oxygen ions is shown. 

the ground state is easily obtained as (— sin[£/2 }d\ acr + cos[^i/2]c?j 6cr )|0) with 
the use of the phase The corresponding eigenenergy is given by — Ejy, 
where Ejy is the static Jahn-Teller energy, defined by 



Ejt — 9 2 /{ 2/cjt). (5.19) 

Note here that the ground state energy is independent of the phase <$. Namely, 
the shape of the deformed isolated octahedron is not uniquely determined in 
this discussion. In the Jahn-Teller crystal, the kinetic motion of ^ electrons, as 
well as the cooperative effect between adjacent distortions, play a crucial role 
in lifting the degeneracy and fixing the shape of the local distortion. 

To complete the electron-phonon coupling term, it is necessary to consider 
the breathing mode distortion, coupled to the local electron density as 

#i br = gQuPi + (1/2 )k hr Q 2 n , (5.20) 



where the breathing-mode distortion Qu is given by 



Q li 



\/3 



(^li — + y 2i — Yb\ + ^3i — 



(5.21) 



and fcbr is the associated spring constant. Note that, in principle, the coupling 
constants of the e g electrons with the Q\, Q 2 , and Qs modes could be differ- 
ent from one another. For simplicity, here it is assumed that those coupling 
constants take the same value. On the other hand, for the spring constants, a 
different notation for the breathing mode is introduced, since the frequency for 
the breathing mode distortion has been found experimentally to be different 
from that for the Jahn-Teller mode. This point will be briefly discussed later. 
Note also that the Jahn-Teller and breathing modes are competing with each 
other. As it was shown above, the energy gain due to the Jahn-Teller distortion 
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is maximized when one electron exists per site. On the other hand, the breathing 
mode distortion energy is proportional to the total number of eg electrons per 
site, since this distortion gives rise to an effective on-site attraction between 
electrons. 

By combining the Jahn-Teller mode and breathing mode distortions, the 
electron-phonon term is summarized as 

He l— ph = + H?). (5.22) 

i 

This expression depends on the parameter /3=k^ T /kj^, which regulates which 
distortion, the Jahn-Teller or breathing mode, play a more important role. This 
point will be discussed in a separate subsection. 

Note again that the distortions at each site are not independent, since all oxy- 
gen atoms are shared by neighboring MnOfe octahedra, as easily understood by 
the explicit expressions of Q\\ , Q2U and Q si presented before. A direct and 
simple way to consider this cooperative effect is to determine the oxygen posi- 
tions Xy 19 Xu, >2i> ^5i> ^3i, and Zq i, by using, for instance, the Monte Carlo 
simulations or numerical relaxation methods (see chapter 10 in Ref. [27]). To 
reduce the burden on the numerical calculations, the displacements of oxygen 
ions are assumed to be along the bond direction between nearest neighboring 
manganese ions. In other words, the displacement of the oxygen ion perpen- 
dicular to the Mn-Mn bond, i.e., the buckling mode, is usually ignored. As 
shown later, even in this simplified treatment, several interesting results haven 
been obtained for the spin, charge, and orbital ordering in manganites. 

Rewriting Eqs. (5.15), (5.16), and (5.21) in terms of the displacement of 
oxygen atoms from the equilibrium positions, it can be shown that 



Qn — + ^=(A x i + A y i + A z i), (5.23) 

Q2i = qP + ^|(Axi - Ayi), (5.24) 

<33i = Qi 0) + ^(2A zi -A xi -A yi ), (5.25) 

where A a i is given by 

A ai = uf- <_ a , (5.26) 



with uf being the displacement of oxygen ion at site i from the equilibrium 
position along the a-axis. The offset values for the distortions, \ Q^\ and 
are respectively given by 
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QW = -L(6L x -6L y ), (5.28) 

Qf ] = -^(25L Z - <5L X - SL y ), (5.29) 

v 6 

where SL a =L a — L , the non-distorted lattice constants are Z&, and L=(L X + 
L y + L z )/ 3. In the cooperative treatment, the {u}’ s are directly optimized 
in the numerical calculations (see Refs. [28, 29]). On the other hand, in the 
non-cooperative calculations, {Q}’s are treated instead of the {i/}’s. In the 
simulations, variables are taken as {Q}’s or {u}' s, depending on the treatments 
of lattice distortion. 

2.4 Hopping amplitudes 

Although it is assumed that the ^-electrons are localized to form core spins, 
the e g -electrons can move around the system via the oxygen 2 p orbital. This 
hopping motion of e g -electrons is expressed as 

#kin = - ^2 ^I'dl-ya^+afcr; (5-30) 

ia77 / cr 

where a is the vector connecting nearest-neighbor sites and ^ , is the nearest- 
neighbor hopping amplitude between 7- and Y-orbitals along the a-direction. 

The amplitudes are evaluated from the overlap integral between manganese 
and oxygen ions by following Slater and Koster [30]. The overlap integral 
between d x 2 _ y 2 - and p x -orbitals is given by 

£ x>a (lm,n) = (\/3/2 ) e (£ 2 - m 2 ) (pda), (5.31) 

where (pda) is the overlap integral between the da- andpcr-orbital and (£, m, n) 
is the unit vector along the direction from manganese to oxygen ions. The 
overlap integral between d^ z 2 _ r 2 - and p x -orbitals is expressed as 

E^b(^i m ,n) = £[n 2 — (£ 2 + m 2 )/2](pda). (5.32) 

Thus, the hopping amplitude between adjacent manganese ions along the x-axis 
via the oxygen 2p x -orbitals is evaluated as 

(1.0,0) x ^ x .y(-l,0,0)/(c p -e d ), (5.33) 

where e a and s p are the energy level for d- and p-orbitals. Note here that the 
minus sign is due to the definition of hopping amplitude in Hk[ n . Then, t* f is 
explicitly given by 

*aa = -\/3£ b = -v/3 C = 3^b = 37/4, 



(5.34) 
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where to is defined by to = ( pda) 2 /(e p — e,i ) . By using the same procedure, 
the hopping amplitude along the y- and z-axis are given by 

= V^b = n /3 t y ha = 3t y hh = 3i 0 /4, (5.35) 

and 

*bb = to, t z aa = t z ah = t z a = 0, (5.36) 

respectively. It should be noted that the signs in the hopping amplitudes between 
different orbitals are different between the x- and ^/-directions, which will be 
important when the charge-orbital ordered phase in the doped manganites is 
considered. Note also that in some cases, it is convenient to define as the 
energy scale t, given as £=3fo/4. 

2.5 Heisenberg term 

Thus far, the role of the e g -electrons has been discussed to characterize the 
manganites. However, in the fully hole-doped manganites composed of Mn 4+ 
ions, for instance CaMnC> 3 , it is well known that a G-type antiferromagnetic 
phase appears, and this property cannot be understood within the above dis- 
cussion. The minimal term to reproduce this antiferromagnetic property is the 
Heisenberg-like coupling between localized fa g spins, given in the form 

#afm = </af ^2 S* ‘ Sj, (5.37) 

(iJ> 

where Jaf is the AFM coupling between nearest neighbor fa g spins. The 
existence of this term is quite natural from the viewpoint of the super-exchange 
interaction, working between neighboring localized fa g -electrons. As for the 
magnitude of Jaf, it is discussed later in the text. 

2.6 Several Hamiltonians 

As discussed in the previous subsections, there are five important ingredients 
that regulate the physics of electrons in manganites: (i) Efa i n , the kinetic term 
of the e g electrons, (ii) iJHund, the Hund coupling between the eg electron spin 
and the localized g spin, (iii) TTafm, the AFM Heisenberg coupling between 
nearest neighbor t2g spins, (iv) H e i_ p h, the coupling between the eg electrons 
and the local distortions of the MnC^ octahedron, (v) i? e i- e i> the Coulomb 
interactions among the eg electrons. As schematically summarized in Fig. 5.2, 
by unifying those five terms into one, the full Hamiltonian H is defined as 

H = TJkin + #Hund + #AFM + iJ e l-ph + #e 1-el- (5.38) 

This expression is believed to define an appropriate starting model for man- 
ganites, but unfortunately, it is quite difficult to solve such a Hamiltonian. In 
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order to investigate further the properties of manganites, some simplifications 
are needed. In below, several types of simplified models are listed. 

2.6.1 One-orbital Model. A simple model for manganites to illustrate 
the CMR effect is obtained by neglecting the electron-phonon coupling and 
the Coulomb interactions. Usually, an extra simplification is carried out by 
neglecting the orbital degrees of freedom, leading to the FM Kondo model 
or one-orbital double-exchange model, which will be simply referred as the 
“one-orbital moder hereafter, given as [1, 31] 

#DE = -i ( a L a j<r + H.C.)-JHy2 Si ' S J + ^ A F5Z Si ‘ (5-39) 

<i,j>,cr i (ij) 

where a\ G is the annihilation operator for an electron with spin a at site i, but 
without orbital index. Note that Hde is quadratic in the electron operators, 
indicating that it is reduced to a one-electron problem on the background of 
localized t 2 g spins. This is a clear advantage for the Monte Carlo simulations. 
Neglecting the orbital degrees of freedom is clearly an oversimplification, and 
important phenomena such as orbital ordering cannot be obtained in this model. 
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However, the one-orbital model is still important, since it already includes 
part of the essence of manganese oxides. For example, recent computational 
investigations have clarified that the very important phase separation tendencies 
and metal-insulator competition exist in this model. 

2.6.2 J H =00 limit. Another simplification without the loss of essential 
physics is to take the widely used limit Jn=oc , since in the actual material Jn/t 
is much larger than unity. In such a limit, the ^-electron spin perfectly aligns 
along the t 2 g-spin direction, reducing the number of degrees of freedom. Then, 
in order to diagonalize the Hund term, the “spinless" ^-electron operator, q 7 , 
is defined as 

q 7 = cos(#i/2)di 7 | + sm(0i/2)e~ 1 ^ 1 (5.40) 

In terms of the c- variables, the kinetic energy acquires the simpler form 

^kin = — ^ ^ ^ 77 /C i 7 c i+a7 / 5 (5.41) 

ia 77 ' 

where f® 7 , is defined as t a n ,= Si )i+a £® 7 , with S'y given by 

Sij = cos(#i/2) cos(#j/2)+sin(#i/2) sin(#j/2)e _ *^ i_< ^. (5.42) 

This factor denotes the change of hopping amplitude due to the difference in 
angles between f 2 g-spins at sites i and j. Note that the effective hopping in this 
case is a complex number (Berry phase), contrary to the real number widely 
used in a large number of previous investigations (for details in the case of the 
one-orbital model see Ref. [32].) 

The limit of infinite Hund coupling reduces the number of degrees of freedom 
substantially since the spin index is no longer needed. In addition, the U - and 
J-terms in the electron-electron interaction within the ^-sector are also no 
longer needed. In this case, the following simplified model is obtained: 

H°° = -^ t*y C^Ci+ay + U'^2 n ia«ib + V ^ TliUj + J AF Sj • Sj 
ia77' i (ij> (ij) 

+ -Ejt y][2(<7ijWj + qriTxi + g3jT z j) + ftg\\ + g|j + ?! iL (5.43) 

i 

where n i 7 =c| 7 c i7 , ni=X ) 7 n i7 , r xi = 4 a c u ,+c\ b c ia , and r zi = cl a c ia -c\ b c ib . 

Considering the simplified Hamiltonian H°°, two other limiting models can 
be obtained. One is the Jahn-Teller model Hj defined as Hj^ = H 00 (U' = 
V = 0), in which the Coulomb interactions are simply ignored. Another is the 
Coulombic model H gP, defined as Hq = H°°(E jt = 0), which denotes the 
two-orbital double exchange model influenced by the Coulomb interactions, 
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neglecting the phonons. Of course, the actual situation is characterized by 
U f ^ 0, V 7 ^ 0, and Ejt ^ 0, but in the spirit of the adiabatic continuation, it 
is convenient and quite meaningful to consider the minimal models possible to 
describe correctly the complicated properties of manganites. 

2.6.3 Jahn-Teller phononic and Coulombic models. Another pos- 
sible simplification could have been obtained by neglecting the electron-electron 
interaction in the full Hamiltonian but keeping the Hund coupling finite, leading 
to the following purely Jahn-Teller phononic model with active spin degrees of 
freedom: 



#JT = #kin + #Hund + #AFM + #el-ph- (5.44) 

Often in this chapter, this Hamiltonian will be referred to as the “two-orbital” 
model (unless explicitly stated otherwise). To solve Hjy, numerical methods 
such as Monte Carlo techniques and the relaxation method have been employed. 
Qualitatively, the negligible values of the probability of double occupancy in 
the strong electron-phonon coupling region with large ^justifies the neglect of 
H e i_ei, since the Jahn-Teller energy is maximized when one eg electron exists 
at each site. Thus, the Jahn-Teller phonon induced interaction will produce 
physics quite similar to that due to the on-site correlation. 

It would be important to verify this last expectation by studying a multi- 
orbital model with only Coulombic terms, without the extra approximation of 
using mean-field techniques for its analysis. Of particular relevance is whether 
phase separation tendencies and charge ordering appear in this case, as they 
do in the Jahn-Teller phononic model. This analysis is particularly important 
since, as explained before, a mixture of phononic and Coulombic interactions is 
expected to be needed for a proper quantitative description of manganites. For 
this purpose, yet another simplified model has been analyzed in the literature: 

He = tfkin + 1— el- (5.45) 

Note that the Hund coupling term between eg electrons and t 2 g spins is not ex- 
plicitly included. The reason for this extra simplification is that the numerical 
complexity in the analysis of the model is drastically reduced by neglecting the 
localized t 2 g spins. In the FM phase, this is an excellent approximation, but not 
necessarily for other magnetic arrangements. Nevertheless the authors believe 
that it is important to establish with accurate numerical techniques whether the 
phase separation tendencies are already present in this simplified two-orbital 
models with Coulomb interactions, even if not all degrees of freedom are in- 
corporated from the outset. Adding the 5=3/2 quantum localized spins to the 
problem would considerably increase the size of the Hilbert space of the model, 
making it intractable with current computational techniques. 
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2.7 Estimations of Parameters 

In this subsection, estimations of the couplings that appear in the models 
described before are provided. However, before proceeding with the details 
the reader must be warned that such estimations are actually quite difficult, for 
the simple reason that in order to compare experiments with theory reliable 
calculations must be carried out. Needless to say, strong coupling many-body 
problems are notoriously difficult and complex, and it is quite hard to find ac- 
curate calculations to compare against experiments. Then, the numbers quoted 
below must be taken simply as rough estimations of orders of magnitude. The 
reader should consult the cited references to analyze the reliability of the estim- 
ations mentioned here. Note also that the references discussed in this subsection 
correspond to only a small fraction of the vast literature on the subject. Nev- 
ertheless, the “sample” cited below is representative of the currently accepted 
trends in manganites. 

Regarding the largest energy scales, the on-site U repulsion was estimated 
to be 5.2±0.3 eV and 3.5±0.3 eV, for CaMnOs and LaMn 03 , respectively, by 
Park et al. using photoemission techniques [33]. The charge-transfer energy 
has been found to be 3.0±0.5 eV for CaMn 03 in the same study. In other 
photoemission studies, Dessau and Shen estimated the exchange energy for 
flipping an e g -electron to be 2.7eV [34]. 

Okimoto et al. [35] studying the optical spectra of Lai_ x Sr x Mn 03 with 
x=0.175 estimated the value of the Hund coupling to be of the order of 2 eV, 
much larger than the hopping of the one-orbital model for manganites. Note 
that in estimations of this variety care must be taken with the actual definition 
of the exchange Jr, which sometimes is in front of a ferromagnetic Heisenberg 
interaction where classical localized spins of module 1 are used, while in other 
occasions quantum spins of value 3/2 are employed. Nevertheless, the main 
message of Okimoto et al.’s paper is that Jr is larger than the hopping. A 
reanalysis of Okimoto et al.’s results led Millis, Mueller and Shraiman [10] to 
conclude that the Hund coupling is actually even larger than previously believed. 
The optical data of Quijada et al. [36] and Machida et al. [37] also suggest 
that the Hund coupling is larger than 1 eV. Similar conclusions were reached 
by Satpathy et al. [38] using constrained LDA calculations. 

The crystal-field splitting between the eg- and / 2 g-states was estimated to 
be of the order of 1 eV by Tokura [39] (see also Ref. [17]). It is clear that 
manganites are in high-spin ionic states due to their large Hund coupling. 

Regarding the hopping “f ’, Dessau and Shen reported a value of order leV 
[34], which is somewhat larger than other estimations. In fact, the results 
of Bocquet et al. [40], Arima et al. [41], and Saitoh et al. [42] locate its 
magnitude between 0.2 eV and 0.5 eV, which is reasonable in transition metal 
oxides. However, note that fair comparisons between theory and experiment 
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require calculations of, e.g., quasiparticle band dispersions, which are difficult 
at present. Nevertheless it is widely accepted that the hopping is just a fraction 
of eV. 

Dessau and Shen [34] estimated the static Jahn-Teller energy Ejt as 0.25eV. 
From the static Jahn-Teller energy and the hopping amplitude, it is convenient 
to define the dimensionless electron-phonon coupling constant A as 

A = y/2E JT /t — gj \/fcjT t. (5.46) 

By using £jx=0.25eV and £=0.2^0.5eV, A is estimated as between 1 ~ 1.6. 
Actually, Millis, Mueller and Shraiman concluded that A is between 1.3 and 1.5 
[ 10 ]. 

As for the parameter /3, it is given by (3=k\ Dr /kjT= (<^br/^JT) 2 , where cjbr 
and ljjt are the vibration energies for manganite breathing- and Jahn-Teller- 
modes, respectively, assuming that the reduced masses for those modes are 
equal. From experimental results and band-calculation data (see Ref. [43]), u^ T 
and cjjt are estimated as ~ 700cm -1 and 500-600cm -1 , respectively, leading 
to (3^2. However, in practice it has been observed that the main conclusions 
are basically unchanged as long as (3 is larger than unity. Thus, if an explicit 
value for /3 is not provided, the reader can consider that (3 is simply taken to be 
oo to suppress the breathing mode distortion. 

The value of Jaf is the smallest of the set of couplings discussed here. In 
units of the hopping, it is believed to be of the order of 0.H (see Ref. [44]), 
namely about 200K. Note, however, that it would be a bad approximation to 
simply neglect this parameter since in the limit of vanishing density of ^ elec- 
trons, Jaf is crucial to induce antiferromagnetism, as it occurs in CaMnCb for 
instance. Its relevance, at hole densities close to 0.5 or larger, to the formation of 
antiferromagnetic charge-ordered states is remarked elsewhere in this chapter. 
Also in mean-field approximations by Maezono, Ishihara, and Nagaosa [45] the 
importance of Jaf has been mentioned, even though in their work this coupling 
was estimated to be only 0.0 It. 

Summarizing, it appears well-established that: (i) the largest energy scales 
in the Mn-oxide models studied here are the Coulomb repulsions between elec- 
trons in the same ion, which is quite reasonable, (ii) The Hund coupling is 
between 1 and 2 eV, larger than the typical hopping amplitudes, and sufficiently 
large to form high-spin Mn 4+ and Mn 3+ ionic states. As discussed elsewhere in 
this chapter, a large Jh leads naturally to a vanishing probability of % -electron 
double-occupancy of a given orbital, thus mimicking the effect of a strong 
on-site Coulomb repulsion, (iii) The dimensionless electron-phonon coupling 
constant A is of the order of unity, showing that the electron lattice interaction 
is substantial and cannot be neglected, (iv) The electron hopping energy is a 
fraction of eV. (v) The AF-coupling among the localized spins is about a tenth 
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of the hopping. However, as remarked elsewhere, this apparent small coupling 
can be quite important in the competition between FM and AF states. 

3. Spin-Charge-Orbital Ordering 

In the complicated phase diagram for manganites, there appear so many 
magnetic phases. A key concept to classify these phases is the charge and orbital 
ordering. Especially, “orbital ordering” is the remarkable feature, characteristic 
to manganites with active eg orbital. In this section, spin, charge, and orbital 
structure for the typical hole doping in the phase diagram of manganites is 
focused by stressing the importance of orbital ordering. 

Note that the one-orbital model for manganites contains interesting physics, 
notably a FM-AF competition that has similarities with those found in experi- 
ments. However, it is clear that to explain the notorious orbital order tendency 
in Mn-oxides, it is crucial to use a model with two orbitals, and in a previous 
section such a model was defined for the case where there is an electron Jahn- 
Teller phonon coupling and also Coulomb interactions. Under the assumption 
that both localized feg spins and phonons are classical, the model without Cou- 
lombic terms can be studied fairly accurately using numerical and mean-field 
approximations. For the case where Coulomb terms are included, unfortunately, 
computational studies are difficult but mean-field approximations can still be 
carried out. 



3.1 x=0.0 



First let us consider the mother material LaMnO^ with one e g electron per site. 
This material has the insulating AF phase with A-type AF spin order, in which 
t 2 g spins are ferromagnetic in the a-b plane and antiferromagnetic along the c- 
axis. Recent investigations by Hotta et al. [29] have shown that, in the context 
of the model with Jahn-Teller phonons, the important ingredient to understand 
the A-type AF phase is Jaf, namely by increasing this coupling from 0.05 to 
larger values, a transition from a FM to an A-type AF exists (the relevance of 
Jahn-Teller couplings at (n)=1.0 has also been remarked by Capone, Feinberg, 
and Grilli [46]). This can be visualized easily in Fig. 5.3, where the energy vs. 
Jaf at fixed intermediate A and Jh is shown. Four regimes were identified: 
FM, A-AF, C-AF, and G-AF states that are sketched also in that figure. The 
reason is simple: as Jaf grows, the tendency toward spin AF must grow since 
this coupling favors such an order. If Jaf is very large, then it is clear that a 
G-AF state must be the one that lowers the energy, in agreement with the Monte 
Carlo simulations. If Jaf is small or zero, there is no reason why spin AF will 
be favorable at intermediate A and the density under consideration, and then 
the state is ferromagnetic to improve the electronic mobility. It should be no 
surprise that at intermediate Jaf, the dominant state is intermediate between 
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C-AF 



G-AF 




J AF (units of t) 




Figure 5.3. (a) The four spin arrangements for Ferro, A-AF, C-AF, and G-AF. (b) Total energy 

vs Jaf on a 2* cluster at low temperature with Jh=8£ and A=1.5. The results were obtained 
using Monte Carlo and relaxational techniques, with excellent agreement among them, (c) 
Orbital order corresponding to the A-type AF state. For more details the reader should consult 
Ref. [291. 



the two extremes, with A-type and C-type antiferromagnetism becoming stable 
in intermediate regions of parameter space. 

It is interesting to note that similar results regarding the relevance of Jaf to 
stabilize the A-type order have been found by Koshibae et al. [47] in a model 
with Coulomb interactions. An analogous conclusion was found by Solovyev, 
Hamada, and Terakura [48] and Ishihara et al. [49]. Betouras and Fujimoto 
[50], using bosonization techniques for the one-dimensional one-orbital model, 
also emphasized the importance of Jaf, similarly as did Yi, Yu, and Lee [51] 
based on Monte Carlo studies in two dimensions of the same model. The overall 
conclusion is that there are clear analogies between the strong Coulomb and 
strong Jahn-Teller coupling approaches, as discussed elsewhere in this chapter. 
Actually in the mean-field approximation, it was shown by Hotta, Malvezzi, and 
Dagotto [13] that the influence of the Coulombic terms can be hidden in simple 
redefinitions of the electron-phonon couplings (see also Ref. [52]). In our 
opinion, both approaches (Jahn-Teller and Coulomb) have strong similarities 
and it is not surprising that basically the same physics is obtained in both 
cases. Actually, Fig. 2 of Ref. [45] showing the energy vs. Jaf in mean-field 
calculations of the Coulombic Hamiltonian without phonons is very similar 
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to our Fig. 5.3, aside from overall scales. On the other hand, Mizokawa and 
Fujimori [53, 54] states that the A-type AF is stabilized only when the Jahn- 
Teller distortion is included, namely, the FM phase is stabilized in the purely 
Coulomb model, based on the unrestricted Hartree-Fock calculation for the d-p 
model. 

The issue of what kind of orbital order is concomitant with A-type AF order 
is an important matter. This has been discussed at length by Hotta et al. [29], 
and the final conclusion, after the introduction of perturbations caused by the 
experimentally known difference in lattice spacings between the three axes, is 
that the order shown in Fig. 5.3(c) minimizes the energy. This state has indeed 
been identified in recent x-ray experiments, and it is quite remarkable that such 
a complex pattern of spin and orbital degrees of freedom indeed emerges from 
mean-field and computational studies. Studies by van den Brink et al. [55] 
using purely Coulombic models arrived at similar conclusions. 

Why does the orbital order occur here? This can be easily understood perturb- 
atively in the hopping t. A hopping matrix only connecting the same orbitals, 
with hopping parameter t , is assumed for simplicity. The energy difference 
between e g orbitals at a given site is £jt, which is a monotonous function of 
A. For simplicity, in the notation let us refer to orbital uniform (staggered) as 
orbital “FM” (“AF”). Case (a) corresponds to spin FM and orbital AF: In this 
case when an electron moves from orbital a on the left to the same orbital on 
the right, which is the only possible hopping by assumption, an energy of order 
Ejt is lost, but kinetic energy is gained. As in any second order perturbative 
calculation the energy gain is then proportional toft/ E jt. In case (b), both spin 
and orbital FM, the electrons do not move and the energy gain is zero (again, 
the nondiagonal hoppings are assumed negligible just for simplicity). In case 
(c), the spin are AF but the orbitals are FM. This is like a one orbital model and 
the gain in energy is proportional to ft/ {2 Jh). Finally, in case (d) with AF in 
spin and orbital, both Hund and orbital splitting energies are lost in the interme- 
diate state, and the overall gain becomes proportional to ft / (2 Jh + £\jt)- As a 
consequence, if the Hund coupling is larger than £jt, then case (a) is the best, 
as it occurs at intermediate Ejt values. Then, the presence of orbital order can 
be easily understood from a perturbative estimation, quite similarly as done by 
Kugel and Khomskii in their pioneering work on orbital order [56]. 

Finally let us provide a comment on the FM tendency at x=0.0. Carrying out 
Monte Carlo simulations in the localized spins and phonons, and considering 
exactly the electrons in the absence of an explicit Coulomb repulsion, a variety 
of correlations have been calculated to establish the (n)=1.0 phase diagram. 
Typical results for the spin and orbital structure factors, S(q ) and T(q ) respect- 
ively, were presented by Yunoki et al. [57]. At small A, S( 0) is dominant and 
T(q) is not active. This signals a ferromagnetic state with disordered orbitals, 
namely a standard ferromagnet (note, however, that van den Brink and Khom- 
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Figure 5.4. (a) Schematic view of CE-type structure at x=0.5. (b) Monte Carlo energy per site 

vs Jaf at density x=0.5, A=1.5, low temperature T=l/100, and Jh=oo, using the two-orbital 
model in two dimensions with Jahn-Teller phonons (non-cooperative ones). FM, CE, and AF 
states were identified measuring charge, spin, and orbital correlations. “AF(2)” denotes a state 
with spins jjjj in one direction, and antiferromagnetically coupled in the other. The clusters 
used are indicated, (c) Phase diagram in the plane A- Jaf at x=0.5, obtained numerically using up 
to 8 x 8 clusters. All transitions are of first-order. The notation is the standard one (CD = charge 
disorder, CO = charge order, OO = orbital order, OD = orbital disorder). Results reproduced 
from Ref. [60], where more details can be found. 



skii [58] and Maezono and Nagaosa [59] believe that this state in experiments 
may have complex orbital ordering). The result with FM tendencies dominat- 
ing may naively seem strange given the fact that for the one-orbital model at 
(n)=1.0 an AF state was found. But here two orbitals are being considered and 
one electron per site is 1/2 electron per orbital. In this respect, (n)=1.0 with 
two orbitals should be similar to (n)=0.5 for one orbital and indeed in the last 
case a ferromagnetic state was observed. 

3.2 x=0.5 

Now let us move to another important doping x=0.5. For half-doped per- 
ovskite manganites, the so-called CE-type AFM phase has been established as 
the ground state in the 1950’s. This phase is composed of zigzag FM arrays 
of t 2 g-spins, which are coupled antiferromagnetically perpendicular to the zig- 
zag direction. Furthermore, the checkerboard-type charge ordering in the x-y 
plane, the charge stacking along the z-axis, and — r 2 /3y 2 — r 2 ) orbital 
ordering are associated with this phase. A schematic view of CE-type structure 
is shown in Fig. 5.4(a). 
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Although there is little doubt that the famous CE-state of Goodenough [6] 
is indeed the ground state of x=0.5 intermediate and low bandwidth mangan- 
ites, only very recently such a state has received theoretical confirmation using 
unbiased techniques, at least within some models. In the early approach of 
Goodenough it was assumed that the charge was distributed in a checkerboard 
pattern, upon which spin and orbital order was found. But it would be desir- 
able to obtain the CE-state based entirely upon a more fundamental theoretical 
analysis, as the true state of minimum energy of a well-defined and realistic 
Hamiltonian. If such a calculation can be done, as a bonus one would find 
out which states compete with the CE-state in parameter space, an issue very 
important in view of the mixed-phase tendencies of Mn-oxides, which cannot 
be handled within the approach of Goodenough. 

One may naively believe that it is as easy as introducing a huge nearest- 
neighbor Coulomb repulsion V to stabilize a charge-ordered state at x=0.5, 
upon which the reasoning of Goodenough can be applied. However, there are 
at least two problems with this approach. First, such a large V quite likely will 
destabilize the ferromagnetic charge-disordered state and others supposed to be 
competing with the CE-state. It may be possible to explain the CE-state with 
this approach, but not others also observed at x=0.5 in large bandwidth Mn- 
oxides. Second, a large V would produce a checkerboard pattern in the three 
directions. However, experimentally it has been known for a long time [7] that 
the charge stacks along the z-axis, namely the same checkerboard pattern is 
repeated along z, rather than being shifted by one lattice spacing from plane to 
plane. A dominant Coulomb interaction V can not be the whole story for x=0.5 
low-bandwidth manganese oxides. 

The nontrivial task of finding a CE-state with charge stacked along the z- 
axis without the use of a huge nearest-neighbors repulsion has been recently 
performed by Yunoki, Hotta, and Dagotto using the two-orbital model with 
strong electron Jahn-Teller phonon coupling [60]. The calculation proceeded 
using an unbiased Monte Carlo simulation, and as an output of the study, the 
CE-state indeed emerged as the ground-state in some region of coupling space. 
Typical results are shown in Figs. 5.4(b) and (c). In part (b) the energy at 
very low temperature is shown as a function of Jaf at fixed density x=0.5, 
Jn =oo for simplicity, and with a robust electron-phonon coupling A=1.5 using 
the two orbital model Hjt At small Jaf, a ferromagnetic phase was found to 
be stabilized, according to the Monte Carlo simulation. Actually, at J\f= 0.0 
it has not been possible to stabilize a partially AF-state at x=0.5, namely the 
states are always ferromagnetic at least within the wide range of A’s investigated 
(but they can have charge and orbital order). On the other hand, as Jaf grows, 
a tendency to form AF links develops, as it happens at x=0.0. At large Jaf 
eventually the system transitions to states that are mostly antiferromagnetic, 
such as the so-called “AF(2)” state of Fig. 5.4(b) (with an up-up-down-down 




Theory of Manganites 



231 



spin pattern repeated along one axis, and AF coupling along the other axis), or 
directly a fully AF-state in both directions. 

However, the intermediate values of Jaf are the most interesting ones. In 
this case the energy of the two-dimensional clusters become flat as a function 
of Jaf suggesting that the state has the same number of FM and AF links, 
a property that the CE-state indeed has. By measuring charge-correlations it 
was found that a checkerboard pattern is formed particularly at intermediate 
and large A’s, as in the CE-state. Finally, after measuring the spin and orbital 
correlations, it was confirmed that indeed the complex pattern of the CE-state 
was fully stabilized in the simulation. This occurs in a robust portion of the 
A- Jaf plane, as shown in Fig. 5.4(c). The use of Jaf as the natural parameter 
to vary in order to understand the CE-state is justified based on Fig. 5.4, since 
the region of stability of the CE-phase is elongated along the A-axis, meaning 
that its existence is not so much dependent on that coupling but much more on 
Jaf itself. It appears that some explicit tendency in the Hamiltonian toward 
the formation of AF links is necessary to form the CE-state. If this tendency 
is absent, a FM state if formed, while if it is too strong an AF-state appears. 
The x=0.5 CE-state, similar to the A-type AF at x=0.0, needs an intermediate 
value of Jaf for stabilization. The stability window is finite and in this respect 
there is no need to carry out a fine tuning of parameters to find the CE phase. 
However, it is clear that there is a balance of AF and FM tendencies in the 
CE-phase that makes the state somewhat fragile. 

Note that the transitions among the many states obtained when varying Jaf 
are all of first order, namely they correspond to crossings of levels at zero 
temperature. The first-order character of these transitions is a crucial ingredient 
of the recent scenario proposed by Moreo et al. [61] involving mixed-phase 
tendencies with coexisting clusters with equal density. Recently, first-order 
transitions have also been reported in the one-orbital model at x=0.5 by Alonso 
et al. [62, 63], as well as tendencies toward phase separation. Recent progress 
in the development of powerful techniques for manganite models [64, 65, 66] 
will contribute to the clarification of these issues in the near future. 

Let us address now the issue of charge-stacking (CS) along the 2 -axis. For 
this purpose simulations using three-dimensional clusters were carried out. The 
result for the energy vs. Jaf is shown in Fig. 5.5(a), with Jh=oc and A=1.6 
fixed. The CE-state with charge-stacking has been found to be the ground 
state on a wide Jaf window. The reason that this state has lower energy than 
the so-called “Wigner-crystal” (WC) version of the CE-state, namely with the 
charge spread as much as possible, is once again the influence of J\f- With a 
charge stacked arrangement, the links along the 2 -axis can all be simultaneously 
antiferromagnetic, thereby minimizing the energy. In the WC-state this is not 
possible. 
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Figure 5.5. (a) Energy per site as a function of Jaf for A=1.6 and Jh=oo for Hjt- The 

curves denote the mean-field results and the solid symbols indicate the energy obtained by the 
relaxation method. Thick solid, thick broken, thin broken, thick dashed, thin dashed, thin broken, 
and thin solid lines denotes FM, A-type, CE-type with WC structure, charge- stacked CE-type, 
C-type, and G-type states, respectively. Note that the charge-stacked CE-state is observed in 
experiments, (d) Phase diagram in the (Jaf, V) plane. Note that the charge- stacked structure 
along the z-axis can be observed only in the CE-type AFM phase. Results reproduced from 
Ref. [13], where more details can be found. 



It should be noted that this charge stacked CE-state is not immediately 
destroyed when the weak nearest-neighbor repulsion V is introduced to the 
model, as shown in Fig. 5.5(b), obtained in the mean-field calculations by 
Hotta, Malvezzi, and Dagotto [13]. If V is further increased for a realistic 
value of Jaf, the ground state eventually changes from the charge stacked CE- 
phase to the WC version of the CE-state or the C-type AFM phase with WC 
charge ordering. As explained above, the stability of the charge stacked phase 
to the WC version of the CE-state is due to the magnetic energy difference. 
However, the competition between the charge-stacked CE-state and the C-type 
AFM phase with the WC structure is not simply understood by the effect of 
Jaf, since those two kinds of AFM phases have the same magnetic energy. In 
this case, the stabilization of the charge stacking originates from the difference 
in the geometry of the one-dimensional FM path, namely a zigzag-path for the 
CE-phase and a straight-line path for the C-type AFM state. As will be dis- 
cussed later, the energy for eg electrons in the zigzag path is lower than that 
in the straight-line path, and this energy difference causes the stabilization of 
the charge stacking. In short, the stability of the charge-stacked structure at the 
expense of V is supported by “the geometric energy” as well as the magnetic 
energy. Note that each energy gain is just a fraction of t. Thus, in the absence 
of other mechanisms to understand the charge-stacking, another consequence 
of this analysis is that V actually must be substantially smaller than naively 
expected, otherwise such a charge pattern would not be stable. In fact, estim- 
ations given by Yunoki, Hotta, and Dagotto [60] suggest that the manganites 
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must have a large dielectric function at short distances (see Ref. [41]) to prevent 
the melting of the charge-stacked state. 

Note also that the mean-field approximations by Hotta, Malvezzi, and Dag- 
otto [13] have shown that on-site Coulomb interactions U and U can also 
generate a two-dimensional CE-state, in agreement with the calculations by 
van den Brink et al. [67]. Then, the present authors believe that strong Jahn- 
Teller and Coulomb couplings tend to give similar results. This belief finds 
partial confirmation in the mean-field approximations of Hotta, Malvezzi, and 
Dagotto [13], where the similarities between a strong A and ([/,[/) were invest- 
igated. Even doing the calculation with Coulombic interactions, the influence 
of Jaf is still crucial to inducing charge-stacking (note that the importance 
of this parameter has also been recently remarked by Mathieu, Svedlindh and 
Nordblad based on experimental results [68]). 

Many other authors carried out important work in the context of the CE-state 
at x=0.5. For example, with the help of Hartree-Fock calculations, Mizokawa 
and Fujimori [69] reported the stabilization of the CE-state at x=0.5 only if Jahn- 
Teller distortions were incorporated into a model with Coulomb interactions. 
This state was found to be in competition with a uniform FM state, as well as 
with an A-type AF-state with uniform orbital order. In this respect the results 
are very similar to those found by Yunoki, Hotta and Dagotto using Monte 
Carlo simulations [60]. In addition, using a large nearest neighbor repulsion 
and the one-orbital model, charge ordering and a spin structure compatible 
with the zigzag chains of the CE state was found by Lee and Min at x=0.5 
[70]. Also Jackeli et al. [71] obtained charge-ordering at x=0.5 using mean- 
field approximations and a large V. Charge- stacking was not investigated by 
those authors. The CE-state in x=0.5 Pri_ x Ca x Mn 03 was also obtained by 
Anisimov et al. using LSDA+U techniques [72]. 

3.3 x>0.5 

In the previous subsection, the discussion focused on the CE-type AFM phase 
at x=0.5. Naively, it may be expected that similar arguments can be extended to 
the regime x>l/2, since in the phase diagram for Lai_ x Ca x Mn 03 , the AFM 
phase has been found at low temperatures in the region 0.50<x<0.88. Then, 
let us try to consider the band-insulating phase for density x=2/3 based on 
77°°, without both the Jahn-Teller phononic and Coulombic interactions, since 
this doping is quite important for the appearance of the bi-stripe structure (see 
Refs. [73, 74]). 

After several calculations for x=2/3, as reported by Hotta et al. [75], the 
lowest-energy state was found to be characterized by the straight path, not the 
zigzag one, leading to the C-type AFM phase which was also discussed in 
previous Sections. For a visual representation of the C-type state, see Fig. 4 of 
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Ref. [76]. At first glance, the zigzag structure similar to that for x=0.5 could be 
the ground-state for the same reason as it occurs in the case of x=0.5. However, 
while it is true that the state with such a zigzag structure is a band-insulator, 
the energy gain due to the opening of the bandgap is not always the dominant 
effect. In fact, even in the case of x=0.5, the energy of the bottom of the band 
for the straight path is — 2fo, while for the zigzag path, it is —y/Sto. For x=l/2, 
the energy gain due to the gap opening overcomes the energy difference at 
the bottom of the band, leading to the band-insulating ground-state. However, 
for x=2/3 even if a band-gap opens the energy of the zigzag structure cannot 
be lower than that of the metallic straight-line phase. Intuitively, this point 
can be understood as follows: An electron can move smoothly along the one- 
dimensional path if it is straight. However, if the path is zigzag, “reflection" 
of the wavefunction occurs at the comer, and then a smooth movement of one 
electron is no longer possible. Thus, for small numbers of carriers, it is natural 
that the ground-state is characterized by the straight path to optimize the kinetic 
energy of the e g electrons. 

However, in neutron scattering experiments a spin pattern similar to the CE- 
type AFM phase has been suggested [77]. In order to stabilize the zigzag AFM 
phase to reproduce those experiments it is necessary to include the Jahn-Teller 
distortion effectively. As discussed in Ref. [75], a variety of zigzag paths could 
be stabilized when the Jahn-Teller phonons are included. In such a case, the 
classification of zigzag paths is an important issue to understand the competing 
“bi-stripe" vs. “Wigner-crystal" structures. The former has been proposed by 
Mori et al. [73, 74], while the latter was claimed to be stable by Radaelli et 
al. [77]. In the scenario by Hotta et al. [75], the shape of the zigzag structure 
is characterized by the “winding number” w associated with the Berry-phase 
connection of an e g -electron parallel-transported through Jahn-Teller centers, 
along zigzag one-dimensional paths Namely, it is defined as 

/ dr 

— V^. (5.47) 

This quantity has been proven to be an integer, which is a topological invariant 
(See Ref. [78]. See also Refs. [79, 80]). Note that the integral indicates an 
accumulation of the phase difference along the one-dimensional FM path in the 
unit length. This quantity is equal to half of the number of comers included 
in the unit path, which can be shown as follows. The orbital polarizes along 
the hopping direction, indicating that£i=27r/3(47r/3) along the a>(?/-)direction, 
as was pointed out above. This is simply the double exchange mechanism in 
the orbital degree of freedom. Thus, the phase does not change in the straight 
segment part, indicating that w = 0 for the straight-line path. However, when an 
e g -electron passes a comer site, the hopping direction is changed, indicating that 
the phase change occurs at that comer. When the same ^-electron passes the 
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(b) x=2/3 (w=2) 




(c) x=3/4 (w-3) 




(e) x=3/4 (w=1 ) 




Figure 5.6. (a) Path with w = 1 at x=l/2. Charge and orbital densities are calculated in the MFA 

for Ejr=2t. At each site, the orbital shape is shown with its size in proportion to the orbital 
density, (b) The BS-structure path with w = 2 at x=2/3. (c) The BS-structure path with w = 3 at 
x=3/4. (d) The WC-structure path with w = 1 at x=2/3. (e) The WC-structure path with w = 1 at 
x=3/4. 



next corner, the hopping direction is again changed. Then, the phase change in 
after moving through a couple of corners should be leading to an increase 

of unity in w. Thus, the total winding number is equal to half of the number of 
corners included in the zigzag unit path. Namely, the winding number w is a 
good label to specify the shape of the zigzag one-dimensional FM path. 

After several attempts to include effectively the Jahn-Teller phonons, it was 
found that the bi-stripe phase and the Wigner crystal phase universally appear 
for w=x/( 1 — x) and w= 1, respectively. Note here that the winding number for 
the bi-stripe structure has a remarkable dependence on x, reflecting the fact that 
the distance between adjacent bi-stripes changes with x. This x-dependence 
of the modulation vector of the lattice distortion has been observed in electron 
microscopy experiments [73, 74]. The corresponding zigzag paths with the 
charge and orbital ordering are shown in Fig. 5.6. In the bi-stripe structure, 
the charge is confined in the short straight segment as in the case of the CE- 
type structure at x=0.5. On the other hand, in the Wigner-crystal structure, 
the straight segment includes two sites, indicating that the charge prefers to 
occupy either of these sites. Then, to minimize the Jahn-Teller energy and/or 
the Coulomb repulsion, the eg electrons are distributed with equal spacing. The 
corresponding spin structure is shown in Fig. 5.7. A difference in the zigzag 
geometry can produce a significant different in the spin structure. Following 
the definitions for the C- and E-type AFM structures (see Ref. [7]), the bi-stripe 
and Wigner crystal structure have Ci_ x E x -type and C x Ei_ x -type AFM spin 
arrangements, respectively. Note that at x=l/2, half of the plane is filled by 
the C-type, while another half is covered by the E-type, clearly illustrating the 
meaning of “CE" in the spin structure of half-doped manganites. 
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Figure 5.7. (a) C- and E-type unit cell [7]. (b) The spin structure in the a-b plane at x=l/2. 

Open and solid circle denote the spin up and down, respectively. The thick line indicates the 
zigzag FM path. The open and shaded squares denote the C- and E-type unit cells. At x=l/2, 
C-type unit cell occupies half of the two-dimensional plane, clearly indicating the “CE” type 
phase, (c) The spin structure at x=2/3 for Wigner-crystal type phase. Note that 66% of the two- 
dimensional lattice is occupied by C-type unit cell. Thus, it is called “C 2 E”-type AFM phase, 
(d) The spin structure at x=2/3 for bi-stripe type phase. Note that 33% of the two-dimensional 
lattice is occupied by C-type unit cell. Thus, it is called “CE 2 ”-type AFM phase. Schematic 
figures for spin, charge, and orbital ordering for (e) WC and (f) BS structures at x=2/3. The 
open and solid symbols indicate the spin up and down, respectively. The FM one-dimensional 
path is denoted by the thick line. The empty sites denote Mn 4+ ions, while the robes indicate 
the Mn 3+ ions in which 3x 2 — r 2 or 3 y 2 — r 2 orbitals are occupied. 



The charge structure along the z- axis for x=2/3 has been discussed by Hotta 
et al. [81], as schematically shown in Figs. 5.7(e) and (f), a remarkable feature 
can be observed. Due to the confinement of charge in the short straight segment 
for the bi-stripe phase, the charge stacking is suggested from our topological 
argument. On the other hand, in the Wigner-crystal type structure, charge 
is not stacked, but it is shifted by one lattice constant to avoid the Coulomb 
repulsion. Thus, if the charge stacking is also observed in the experiment for 
x=2/3, our topological scenario suggests the bi-stripe phase as the ground-state 
in the low temperature region. To firmly establish the final “winner" in the 
competition between the bi-stripe and Wigner-crystal structure at x=2/3, more 
precise experiments, as well as quantitative calculations, will be needed in the 
future. 
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3.4 x<0.5 

Regarding densities smaller than 0.5, the states at x=l/8, 1/4 and 3/8 have 
received considerable attention recently (see Refs. [82, 83, 84]). These invest- 
igations are still in a “fluid” state, and the experiments are not quite decisive 
yet, and for this reason, this issue will not be discussed in much detail here. 
However, without a doubt, it is very important to clarify the structure of charge- 
ordered states that may be in competition with the ferromagnetic states in the 
range in which the latter is stable in some compounds. “Stripes” may emerge 
from this picture, as recently remarked in experiments [85, 86, 87]. See also 
Ref. [88] and calculations in Ref. [89]. Surely the identification of charge/orbital 
arrangements at x<0.5 will be an important area of investigations in the very 
near future. 

Here a typical result for this stripe-like charge ordering is shown in Fig. 5.8, 
in which the lower-energy orbital at each site is depicted, and its size is in 
proportion to the electron density occupying that orbital. This pattern is the- 
oretically obtained by the relaxation technique for the optimization of oxygen 
positions, namely including the cooperative Jahn-Teller effect. At least in the 
strong electron-phonon coupling region, the stripe charge ordering along the 
diagonal direction in the x-y plane becomes the global ground-state. Note, 
however, that many meta-stable states can appear very close to this ground 
state. Thus, the shape of the stripe is considered to fluctuate both in space and 
time, and in experiments it may occur that only some fragments of this stripe 
can be detected. It should also be emphasized that the orbital ordering occurs 
concomitant with this stripe charge ordering. In the electron-rich region, the 
same antiferro orbital-order exists as that corresponding to x=0.0. On the other 
hand, the pattern around the diagonal array of electron-poor sites is quite similar 
to the building block of the charge/orbital structure at x=0.5. 

If these figures are rotated by 45 degrees, the same charge and orbital structure 
is found to stack along the i>-axis. Namely, it is possible to cover the whole two- 
dimensional plane by some periodic charge-orbital array along the a-axis (see, 
for instance, the broken-line path). If this periodic array is taken as the closed 
loop C in Eq. (5.47), the winding numbers are w- 1, 2, and 3, for x=l/2, 1/3, 
and 1/4, respectively. Note that in this case w is independent of the path along 
the a-axis. The results imply a general relation w=( 1 — x)/x for the charge- 
orbital stripe in the FM phase, reflecting the fact that the distance between the 
diagonal arrays of holes changes with x. Our topological argument predicts 
stable charge-orbital stripes at special doping such as x=l/(l + w), with w an 
integer. 

This orbital ordering can be also interpreted as providing a ‘V'-shift in the 
orbital sector, by analogy with the dynamical stripes found in cuprates (see, for 
instance, Ref. [90]), although in copper oxides the charge/spin stripes mainly 
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Figure 5.8. Orbital densities in the FM phase for (a)x=l/2, (b)l/3, and (c)l/4. The charge 
density in the lower-energy orbital is shown, and the size of the orbital is in proportion to this 
density. The broken line indicates one of the periodic paths to cover the whole two-dimensional 
plane. 



appear along the x- or ^/-directions. The study of the similarities and differences 
between stripes in manganites and cuprates is one of the most interesting open 
problems in the study of transition metal oxides, and considerable work is 
expected in the near future. 

Finally, a new zigzag AFM spin configuration for x<0.5 is here briefly dis- 
cussed [89]. In Fig. 5.9, a schematic view of this novel spin-charge-orbital 
structure on the 8x8 lattice at x=l/4 is shown, deduced using the numerical 
relaxation technique applied to cooperative Jahn-Teller phonons in the strong- 
coupling region. This structure appears to be the global ground state, but many 
excited states with different spin and charge structures are also found with 
small excitation energy, suggesting that the AFM spin structure for x<0.5 in 
the layered manganites is easily disordered due to this “quasi-degeneracy” in 
the ground state. This result may be related to the “spin-glass” nature of the 
single layer manganites reported in experiments (see Ref. [91]). 

It should be noted that the charge-orbital structure is essentially the same as 
that in the two-dimensional FM phase (see Fig. 5.9). This suggests the following 
scenario for the layered manganites: When the temperature is decreased from 
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Figure 5.9. Schematic figure of the spin-charge-orbital structure at x=l/4 in the zigzag AFM 
phase at low temperature and large electron-phonon coupling. The symbol convention is the same 
as in Fig. 5.7. This figure was obtained using numerical techniques, and cooperative phonons, 
for J H =oo and Jaf=0.1£. For the non-cooperative phonons, basically the same pattern can be 
obtained. 



the higher temperature region, first charge ordering occurs due to the cooperative 
Jahn-Teller distortions in the FM (or paramagnetic) region. If the temperature 
is further decreased, the zigzag AFM spin arrangement is stabilized, adjusting 
itself to the orbital structure. Thus, the separation between the charge ordering 
temperature Tqo and the Neel temperature Tn occurs naturally in this context. 
This is not surprising, since Tqo is due to the electron-lattice coupling, while 
Tn originates in the coupling Jaf- However, if the electron-phonon coupling 
is weak, then Tqo becomes very low. In this case, the transition to the zigzag 
AFM phase may occur prior to the charge ordering. As discussed above, the c g 
electron hopping is confined to one dimensional structures in the zigzag AFM 
environment. Thus, in this situation, even a weak coupling electron-phonon 
coupling can produce the charge-orbital ordering, as easily understood from 
the Peierls instability argument. Namely, just at the transition to the zigzag 
AFM phase, the charge-orbital ordering occurs simultaneously, indicating that 
Tco=Tn- Note also that in the zigzag AFM phase, there is no essential dif- 
ference in the charge-orbital structures for the non-cooperative and cooperative 
phonons, due to the one-dimensionality of those zigzag chains. 

3.5 Orbital ordering in related material 

In previous sections the charge and orbital ordering has been discussed in 
detail for manganites, but recently it has been widely recognized that orbital or- 
dering is ubiquitous in transition metal oxides and f-electron systems. Among 
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them an importance of hidden orbital ordering has been suggested in the single- 
layered ruthenate by Hotta and Dagotto [92]. As is well known, Sr 2 Ru 04 
is triplet superconductor (see Ref. [93]). When Sr is partially substituted by 
Ca, superconductivity is rapidly destroyed and a paramagnetic metallic phase 
appears, while for Cai.sSro.sRuC^, a nearly FM metallic phase has been sug- 
gested. Upon further substitution, the system eventually transforms into an 
AFM insulator [94]. The G-type AFM phase in Ca 2 Ru 04 is characterized as a 
standard Neel state with spin S= 1 [95]. To understand the Neel state observed 
in experiments, one may consider the effect of the tetragonal crystal field, lead- 
ing to the splitting between xy and {yz,zx} orbitals, where the xy-orbital state 
is lower in energy than the other levels. When the xy-orbital is fully occupied, 
a simple superexchange interaction at strong Hund coupling can stabilize the 
AFM state. However, recent X-ray absorption spectroscopy studies have shown 
that 0.5 holes per site exist in the xy-orbital, while 1.5 holes are contained in 
the zx- and yz-orbitals [96], suggesting that the above naive picture based on 
crystal field effects is incomplete. This fact suggests that the orbital degree of 
freedom may play a more crucial role in the magnetic ordering in ruthenates 
than previously anticipated. 

In order to understand the G-AFM phase with peculiar hole arrangement, 
the 3-orbital fo g ) Hubbard model tightly coupled to lattice distortions has been 
analyzed using numerical and mean-field techniques [92]. Note here that Ru 4+ 
ion takes the low spin state, in which four electrons occupy feg orbital. Since 
this model includes several degrees of freedom, namely 2-spin and 3-orbital per 
electron, it is quite difficult to study large-size clusters. However, it is believed 
that the essential character of the competing states can be captured using a 
small cluster, through the combination of the Lanczos method and relaxational 
techniques. Mean-field approximations complement and support the results ob- 
tained numerically. An important conclusion of this analysis is that the G-type 
AFM phase is stabilized only when both Coulombic and phononic interactions 
are taken into account. The existence of a novel orbital ordering (see Fig. 5.10) 
is crucial to reproduce the peculiar hole arrangement observed in experiments 
by Mizokawa et al. [96]. Another interesting consequence of this study is the 
possibility of large magneto-resistance phenomena in ruthenates, since in our 
phase diagram the “metallic” FM phase is adjacent to the “insulating” AFM 
state. This two-phase competition is at the heart of CMR in manganites, as has 
been emphasized in this chapter, and thus, CMR-like phenomenon could also 
exist in ruthenates. For more details the reader should consult Ref. [92]. 
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Figure 5.10. Schematic view of orbital ordering pattern proposed for the G-type AFM phase 
ofCa 2 Ru0 4 . 



4. Phase-separation scenario 

4.1 Phase Diagram with Classical Localized Spins 

Although the one-orbital model for manganites is clearly incomplete to de- 
scribe these compounds since, by definition, it has only one active orbital, 
nevertheless it has been shown in recent calculations that it captures part of the 
interesting competition between ferromagnetic and antiferromagnetic phases in 
these compounds (see, for instance, Ref. [97]). For this reason, and since this 
model is far simpler than the more realistic two-orbital model, it is useful to 
study it in detail. 

A fairly detailed analysis of the phase diagram of the one-orbital model 
has been recently presented, mainly using computational techniques. Typical 
results obtained in Ref. [4] are shown in Fig. 5.1 l(a)-(c) for D- 1, 2, and oo (D 
is spatial dimension), the first two obtained with Monte Carlo techniques at low 
temperature, and the third with the dynamical mean-field approximation in the 
large Jh limit varying temperature. There are several important features in the 
results which are common in all dimensions. At ^-density (n)=l .0, the system 
is antiferromagnetic (although this is not clearly shown in Fig. 5.11). The reason 
is that at large Hund coupling, double occupancy in the ground state is negligible 
at e g -density (n)=1.0 or lower, and at these densities it is energetically better 
to have nearest-neighbor spins antiparallel, gaining an energy of order $ / J\\, 
rather than to align them, since in such a case the system is basically frozen due to 
the Pauli principle. On the other hand, at finite hole density, antiferromagnetism 
is replaced by the tendency of holes to polarize the spin background to improve 
their kinetic energy. Then, a very prominent ferromagnetic phase develops in 
the model as shown in Fig. 5.1 1. This FM tendency appears in all dimensions 
of interest, and it manifests itself in the Monte Carlo simulations through the 
rapid growth with decreasing temperature, and/or increasing number of sites, 
of the zero-momentum spin-spin correlation, as shown by Yunoki et al. [4]. 
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<n> <n> 

Figure 5.1 1. Phase diagram of the one-orbital model with classical spins (and without Jaf 
coupling), (a) are results obtained with Monte Carlo methods at low temperature in ID [4, 
98]. FM, PS, and IC, denote ferromagnetic, phase-separated, and spin incommensurate phases, 
respectively. Although not shown explicitly, the (n)= 1.0 axis is antiferromagnetic. The dashed 
lines correspond to results obtained using quantum localized spins. For more details see Refs. [4] 
and [98]. (b) Similar to (a) but in 2D. The grey region denotes the possible location of the PS- 
IC transition at low Hund coupling, which is difficult to determine. Details can be found in 
Ref. [4]. (c) Results obtained in the infinite dimension limit and at large Hund coupling varying 
the temperature (here in units of the half-width W of the density of states). Two regions with 
PS were identified, as well as a paramagnetic PM regime. For details see Ref. [4]. 



In real space, the results correspond to spin correlations between two sites at 
a distance d which do not decay to a vanishing number as d grows, if there 
is long-range order (see results in Ref. [98]). In ID, quantum fluctuations are 
expected to be so strong that long-range order cannot be achieved, but in this 
case the spin correlations still can decay slowly with distance following a power 
law. In practice, the tendency toward FM or AF is so strong even in ID that 
issues of long-range order vs power-law decays are not of much importance 
for studying the dominant tendencies in the model. Nevertheless, care must be 
taken with these subtleties if very accurate studies are attempted in ID. 
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The most novel result emerging from the computational studies of the one- 
orbital model is the way in which the FM phase is reached by hole doping of the 
AF phase at (n)=1.0. As explained before, mean-field approximations by de 
Gennes [5] suggested that this interpolation should proceed through a so-called 
“canted” state in which the spin structure remains antiferromagnetic in two dir- 
ections but develops a uniform moment along the third direction. For many 
years this canted state was assumed to be correct, and many experiments were 
analyzed based on such state. However, the computational studies showed that 
instead of a canted state, an electronic “phase separated” (PS) regime interpol- 
ates between the FM and AF phases. This PS region is very prominent in the 
phase diagram of Fig. 5.1 l(a)-(c) in all dimensions. 

As an example of how PS is obtained from the computational work, con- 
sider Fig. 5.12. In the Monte Carlo simulations carried out in this context, 
performed in the grand-canonical ensemble, the density of mobile ^-electrons 
(n) is an output of the calculation, the input being the chemical potential ft. 
In Fig. 5.12(a), the density (n) vs. // is shown for one dimensional clusters of 
different sizes at low temperature and large Hund coupling, in part (b) results 
in two dimensions are presented, and in part (c) the limit D- oo is considered. 
In all cases, a clear discontinuity in the density appears at a particular value 
of /i, as in a first-order phase transition. This means that there is a finite range 
of densities which are simply unreachable, i.e., that they cannot be stabilized 
regardless of how carefully /i is tuned. In the inset of Fig. 5.1 2(a), the spin cor- 
relations are shown for the two densities at the extremes of the discontinuity, 
and they correspond to FM and AF states. 

Strictly speaking, the presence of PS means that the model has a range 
of densities which cannot be accessed, and thus, those densities are simply 
unstable. This is clarified better using now the canonical ensemble, where the 
number of particles is fixed as an input and fi is an output. In this context, 
suppose that one attempts to stabilize a density such as (ri)=0.95 (unstable in 
Fig. 5.12), by locating, say, 95 electrons into a 10x10 lattice. The ground-state 
of such a system will not develop a uniform density, but instead two regions 
separated in space will be formed: a large one with approximately 67 sites and 67 
electrons (density 1.0) and a smaller one with 33 sites and 28 electrons (density 
^0.85). The last density is the lower value in the discontinuity of Fig. 5.12(b) 
in 2D, i.e., the first stable density after (n)=1.0 when holes are introduced. 
Then, whether using canonical or grand-canonical approximations, a range of 
densities remains unstable. 

The actual spatial separation into two macroscopic regions (FM and AF in 
this case) leads to an energy problem. In the simulations and other mean-field 
approximations that produce PS, the “tail” of the Coulomb interaction was not 
explicitly included. In other words, the electric charge was not properly accoun- 
ted for. Once this long-range Coulomb interaction is introduced into the prob- 




244 



COLOSSAL MAGNETORESISTIVE MANGANITES 




6.5 6.3 6.1 3.45 3,40 3.35 

\Ut \i(W 



Figure 5.12. Density of e g electrons vs chemical potential /i. The coupling is Ju=St in (a) 
and (b) and 4 W in (c) (W is the half-width of the density of states). Temperatures and lattice 
sizes are indicated, (a) Results in ID with PBC. The inset contains the spin correlations at the 
electronic densities 1.00 and 0.72, that approximately limit the density discontinuity, (b) Same 
as (a) but in 2D. (c) Same as (a) but in D=oo. Results reproduced from Ref. [4]. 

lem, the fact that the FM and AF states involved in PS have different densities 
leads to a huge energy penalization even considering a large dielectric constant 
due to polarization (charge certainly cannot be accumulated in a macroscopic 
portion of a sample). For this reason, it is more reasonable to expect that the PS 
domains will break into smaller pieces. The shape of these pieces remains to be 
investigated in detail since the calculations are difficult with long-range inter- 
actions (for results in ID see below), but droplets or stripes appear as a serious 
possibility. This state would now be stable , since it would satisfy in part the 
tendency toward phase separation and also it will avoid a macroscopic charge 
accumulation. Although detailed calculations are not available, the common 
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Figure 5.13. (a) (n) vs. /x at the couplings and temperature indicated on a L=22 site chain. 

The discontinuities characteristic of phase separation are clearly shown, (b) Same as (a) but in 
2D at the parameters indicated. The two sets of points are obtained by increasing and decreasing 
/i, forming a hysteresis loop, (c) Phase diagram of the two orbitals model in 1 D, Jh= 8, J'^0.05, 
and using the hopping set £ aa =£ bb =2£ ab =2f ba . The notation has been explained in the text. For 
more details see Ref. [57], from where this figure was reproduced. 



folklore is that the typical size of the clusters in the mixed-phase state arising 
from the competition PS vs. 1 jr Coulomb will be in the nanometer scale, i.e., 
just a few lattice spacings since the Mn-Mn distance is about 4 A. This is the 
electronic “Phase Separated” state that one usually has in mind as interpolating 
between FM and AF. Small clusters of FM are expected to be created in the 
AF background, and as the hole density grows, these clusters will increase in 
number and eventually overcome the AF clusters. 

The unstable character of the low hole-density region of the phase diagram 
corresponding to the one-orbital model for manganites has also been analyzed 
by other authors using mostly analytic approximate techniques. The reader can 
find an extensive list of references in the review [24J or in Ref. [99]. 

4.2 Electronic Phase Separation with Two Orbitals 

Now let us analyze the phase diagram at densities away from (n)=1.0. In 
the case of the one-orbital model, phase separation was very prominent in this 
regime. In the case of the two orbitals model, discontinuities in (n) vs. fi 
appear similarly as for one orbital, signalling the presence of phase separation 
tendencies, as shown in Fig. 5.13(a) and (b). Measurements of spin and orbital 
correlations, as well as the Drude weight to distinguish between metallic and 
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insulating behavior, have suggested the phase diagram in one dimension repro- 
duced in Fig. 5.13(c). There are several phases in competition. At (n)=1.0 
the results were already described in the previous subsection. Away from the 
(n)=l .0 phases, only the spin-FM orbital-disordered survives at finite hole dens- 
ity, as expected due to the mapping at small A into the one-orbital model with 
half the density. The other phases at A>1.0 are not stable, but electronic phase 
separation takes place. The (n)<1.0 extreme of the PS discontinuity is given 
by a spin-FM orbital-FM metallic state, which is a ID precursor of the metallic 
orbitally-ordered A-type state identified in some compounds precisely at dens- 
ities close to 0.5. Then, the two states that compete in the (n)~1.0 PS regime 
differ in their orbital arrangement, but not in the spin sector. This is PS triggered 
by the orbital degrees of freedom, which is a novel concept. On the other hand, 
the PS observed at low density is very similar to that observed in the one-orbital 
model involving spin FM and AF states in competition. Finally, at (n)~ 0.5 and 
large A, charge ordering takes place, but this phase will be discussed in more 
detail later. Overall, it is quite reassuring to observe that the stable phases in 
Fig. 5.13(c) all have an analog in experiments. This gives support to the models 
used and to the computational and mean-field techniques employed. 

In addition, since all stable regions are realistic, it is natural to assume that 
the rest of the phase diagram, namely the PS regions, must also have an ana- 
log in experiments in the form of mixed-phase tendencies and nanometer-size 
cluster formation, as discussed in the case of the one-orbital model. PS is very 
prominent in all the models studied, as long as proper many-body techniques 
are employed. 

4.3 Pseudogap in Mixed-Phase States 

Recent theoretical investigations suggest that the density of states (DOS) 
in mixed-phase regimes of manganites may have “pseudogap” characteristics, 
namely a prominent depletion of weight at the chemical potential. This feature 
is similar to that extensively discussed in copper oxides. The calculations in 
the Mn-oxide context have been carried out using both the one- and two-orbital 
models, with and without disorder (see Refs. [100] and[61]). Typical results 
are shown in Fig. 5.14. Part (a) contains the DOS of the one-orbital model on 
a 2D cluster varying the electronic density slightly below (n)=1.0, as indicated 
in the caption. At zero temperature, this density regime is unstable due to 
phase separation, but at the temperature of the simulation those densities still 
correspond to stable states, but with a dynamical mixture of AF and FM features 
(as observed, for instance, in Monte Carlo snapshots of the spin configurations). 
A clear minimum in the DOS at the chemical potential can be observed. Very 
similar results appear also in ID simulations [100]. Part (b) contains results for 
two-orbitals and a large electron-phonon coupling, this time at a fixed density 
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Figure 5.14. (a) DOS of the one-orbital model on a 10x10 cluster at Ju=oo and temperature 

T=l/30 (hopping t- 1). The four lines from the top correspond to densities 0.90, 0.92, 0.94, 
and 0.97. The inset has results at (n)=0.86, a marginally stable density at T- 0. (b) DOS of 
the two-orbital model on a 20-site chain, working at (n)=0.7, Jh=8, and A=1.5. Starting from 
the top at (jj-fi=0 , the three lines represent temperatures 1/5, 1/10, and 1/20, respectively. Here 
the hopping along x between orbitals a is the unit of energy. Both, (a) and (b) are taken from 
Ref. [100]. (c) DOS using a 20-site chain of the one-orbital model at T=l/75, ./h=8, (?i)=0.87, 
and at a chemical potential such that the system is phase-separated in the absence of disorder. 
W regulates the strength of the disorder, as explained in Ref. [61] from where this figure was 
taken. 

and changing temperature. Clearly a pseudogap develops in the system as a 
precursor of the phase separation that is reached as the temperature is further 
reduced. Similar results have been obtained in other parts of parameter space, 
as long as the system is near unstable phase-separated regimes. Pseudogaps in 
the DOS appear also through the influence of disorder on first-order transitions 
(see Fig. 5.14(c)), issue to be discussed in the next section”. 

A tentative detailed explanation of this phenomenon for the case without 
disorder was described by Moreo, Yunoki, and Dagotto [100], but intuitively 
it is clear that a mixture of an insulator (with a gap in the density of states) 
and a metal (with a featureless density of states), will lead to an intermediate 
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situation as it is the pseudogap. In this respect, the appearance of the pseudogap 
is natural when metals and insulators compete. 

4.4 Phase Separation Caused by the Influence of Disorder 
on First-Order Transitions 

Although it is frequently stated in the literature that a variety of chemical sub- 
stitutions in manganites lead to modifications in the bandwidth due to changes 
in the “average” A-site cation radius (t*a), this statement is only partially true. 
Convincing analysis of data and experiments by Rodriguez-Martinez and At- 
tfield [101] have shown that the disorder introduced by chemical replacements 
in the A-sites is also crucially important in determining the properties of man- 
ganites. For instance, Rodriguez-Martinez and Attfield found that the critical 
temperature Tq can be reduced by a large factor if the variance a 2 of the ionic 
radii about the mean (ta) is modified, keeping (ta) constant. Rodriguez- 
Martinez and Attfield actually observed that maximum magnetoresistance ef- 
fects are found in materials not only with a low value of (va) (small bandwidth) 
but also a small value of a 2 . A good example is Pri_ x Ca x Mn03 since the Pr 3 ^ 
and Ca 2+ ions are similar in size (1 .30 Aand 1 .34 A, respectively, according to 
Tomioka and Tokura [102]). 

Disorder, as described in the previous paragraph, is important for the phase 
separation scenario. The recent experimental results showing the existence of 
micrometer size coexisting clusters in (La5/ 8 _ y Pr y )Ca 3/ / 8 Mn03 (LPCMO) 
by Uehara et al. [103], to be reviewed in detail later, highlights a property of 
manganites that appears universal, namely the presence of intrinsic inhomo- 
geneities in the system, even in single crystals. This issue is discussed at length 
in various sections of this review. In the theoretical framework described thus 
far, the scenario that is the closest to predicting such inhomogeneous state is 
the one based on electronic phase separation. However, the analysis presen- 
ted before when considering the influence of long-range Coulomb interactions 
over a phase separated state, led us to believe that only nanometer size coex- 
isting clusters are to be expected in this problem. Those found in LPCMO 
are much larger, suggesting that there must be another mechanism operative in 
manganites to account for their formation. 

A possible explanation of the results of Uehara et al. [103] has been recently 
proposed by Moreo et al. [61], and it could be considered as a form of “disorder- 
induced” or “structural” phase separation, rather than electronic. The idea 
is based on the influence of disorder over the first-order metal-insulator (or 
FM-AF) transition found in models where the interactions are translationally 
invariant (without disorder). When such a transition occurs, abruptly a metal 
changes into an insulator, as either concentrations or couplings are suitably 
changed. Unless metastable states are considered, there is no reason to assume 
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that in the actual stable ground-state of this system coexisting clusters will 
be found, namely the state is entirely FM or AF depending on parameters. 
However, different is the situation when disorder is considered into the problem. 
The type of disorder taken into account by Moreo et al. [61] is based on the 
influence of the different ionic radius of the various elements that compose the 
manganites. Depending on the environment of A-type ions (which in LPCMO 
involve La, Pr or Ca) a given Mn-O-Mn bond can be straight ( 1 8CP) or distorted 
with an angle less than 18CP. In the latter, the hopping across the bond under 
study will be less than the ideal one. The random character of the distribution 
of A ions, leads to a concomitant random distribution of hoppings, and also 
random exchange between the localized spins Ja f since this quantity is also 
influenced by the angle of the Mn-O-Mn bond. 

To account for this effect, Moreo et al. [61] studied the one- and two-orbital 
models for manganites described before, including a small random component 
to both the hoppings and Jaf- This small component did not influence the FM 
and AF phases much away from their transition boundary, but in the vicinity 
of the first-order transition its influence is important. In fact, numerical studies 
show that the transition now becomes continuous, with FM and AF clusters in 
coexistence in a narrow region around the original transition point. 

Typical results are shown in Figs. 5.15(a)-(f), using one-dimensional clusters 
as an example. In the two upper frames, the energy versus Jaf (or J f ) is shown 
at fixed values of the other couplings such as and A, in the absence of disorder 
and at a fixed density x=0.5. The abrupt change in the slope of the curves in (a) 
and (d) clearly shows that the transition is indeed first-order. This is a typical 
result that appears recurrently in all Monte Carlo simulations of manganite 
models, namely FM and AF are so different that the only way to change from 
one to the other at low temperature is abruptly in a discontinuous transition 
(and spin canted phases have not been found in our analysis in the absence of 
magnetic fields, as possible intermediate phases between FM and AF). These 
results are drastically changed upon the application of disorder, as shown in 
frames (b,c,e, and f) of Fig. 5.15, where the mean couplings have been fixed 
such that the model is located exactly at the first-order transition of the non- 
disordered system. In these frames, the nearest-neighbor spin correlations along 
the chain are shown. Clearly this correlation is positive in some portions of the 
chain, while it alternates from positive to negative in others. This alternation 
is compatible with an AF state, with an elementary unit cell of spins in the 
configuration up-up-down-down, but the particular form of the AF state is not 
important in the following; only its competition with other ordered states, such 
as the FM one is significant. The important point is that there are coexisting FM 
and AF regions. The cluster size is regulated by the strength of the disorder, such 
that the smaller the disorder, the larger the cluster size. Results such as those 
in Fig. 5.15 have appeared in all simulations carried out in this context, and in 




250 



COLOSSAL MAGNETORESISTIVE MANGANITES 



2 orbital model 



1 orbiial model 



18.2 


(a) 


* • • * i 


30.0 

, E (d) 




E 


V 


AF 


31.0 |t , 




13.6 


• 




32.0 • * 


AF 


19.0 


• FM 

• 




• FM 

33.0 





0.16 



1.0 



(b) 

• * * • 



0.20 
6 =* 0,01 



024 



• • 



VI 



0.12 0.14 0.16. _ 0,18 

V 



,.o 



fi = 0.01 



«' 0,0 



0.0 
if) 



' 1-0 



• * 

AF 



PM 



AF • 



- 1,0 



* • AF 






FM AF 



0.0 5.0 10,0 15.0 . 20,0 0.0 20 0 400 . 600 



1.0 



goo 



(c) feO.OS 



* 1,0 



» • * • 


• * * 
• 


*• 


• * 
ar 


• 


# 

FM 




FM 


• • • 


* 


# 




0.0 5.0 10.0 15.0 . 20.0 0.0 20 0 40 0 = 60,0 



Figure 5. 15. Results that illustrate the generation of “giant” coexisting clusters in models for 
manganites (taken from Ref. [61]). (a-c) are Monte Carlo results for the two-orbital model 
with (n)= 0.5, T=l/100, Jh=oo, A=1.2, t=l, PBC, and using a chain with L=20 sites, (a) is 
the energy per site vs Jaf/£ for the non-disordered model, with level crossing at 0.21. (b) 
MC averaged nearest-neighbor fo g -spins correlations vs position along the chain (denoted by i) 
for one set of random hoppings and Jaf couplings (Jaf/£ at every site is between 0.2 1 
and 0.21+5 with 5=0.01). FM and AF regions are shown. For more details see Ref. [61]. (c) 
Same as (b) but with 5=0.05. (d-f): results for the one-orbital model with (n)=0.5, T=l/70, 
J H =oo, t= 1, open boundary conditions, and L=64 (chain), (d) is energy per site vs Jaf for 
the non-disordered model, showing the FM-AF states level crossing at Jaf~0.14. (e) are the 
MC averaged nearest-neighbor fog-spin correlations vs position for one distribution of random 
hoppings and fog exchanges, such that Jaf/£ is between 0.14-5 and 0.14+5 with 5=0.01. (f) 
Same as (e) but with 5=0.03. 



dimensions larger than one (see Ref. [61 ]). The conclusions appear independent 
of the particular type of AF insulating state competing with the FM state, the 
details of the distribution of random numbers used, and the particular type of 
disorder considered which could also be in the form of a random on-site energy 
in some cases [61]. Note that the coexisting clusters have the same density, 
namely these are FM and AF phases that appear at a fixed hole concentration in 
the non-disordered models, for varying couplings. Then, the problem of a large 
penalization due to the accumulation of charge is not present in this context. 

What is the origin of such a large cluster coexistence with equal density? 
There are two main opposing tendencies acting in the system. On one hand, 
energetically it is not convenient to create FM-AF interfaces and from this 
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perspective a fully homogeneous system is preferable. On the other hand, 
locally at the level of the lattice spacing the disorder in t and alter the 
couplings such that the system prefers to be either on the FM or AF phases, 
since these couplings fluctuate around the transition value. From the perspective 
of the disorder, the clusters should be as small as possible such that the local 
different tendencies can be properly accounted for. From this competition 
emerges the large clusters of Fig. 5.15, namely by creating large clusters, the 
number of interfaces is kept small while the local tendencies toward one phase 
or the other are partially satisfied. “Large” here means substantially larger in 
size than the lattice spacing. A region where accidentally the distribution of 
random couplings favors the FM or AF state on average, will nucleate such a 
phase in the form of a bubble. 

Very recent results in this context have been presented by Burgy et al. f 104] 
where the competition of two phases was analyzed in general terms, and the 
resistivity was calculated with a resistor network approximation. A clearly 
large MR effect was observed, and extensions to cuprates were proposed. 

Summarizing, phase separation can be driven by energies other than purely 
electronic. In fact it can also be triggered by the influence of disorder on first- 
order transitions. In this case the competing clusters have the same density and 
for this reason can be very large. Micrometer size clusters, such as those found 
in the RFIM, are possible in this context, and have been observed in experiments. 
This result is very general, and should apply to a variety of compounds where 
two very different ordered states are in competition at low temperatures. 

4.5 Resistivity of Manganites in the Mixed-Phase Regime 

One of the main lessons learned from the previous analysis of models for 
manganites is that intrinsic inhomogeneities are very important in this context. 
It is likely that the real Mn-oxides in the CMR regime are in such a mixed-phase 
state, a conclusion that appears inevitable based on the huge recent experimental 
literature, reporting phase separation tendencies in some form or another in these 
compounds. However, note that until recently estimations of the d.c. resistivity 
Pdc in suc h a mixed-phase regime were not available. This was unfortunate 
since the interesting form of the pdc vs. temperature curves, parametric with 
magnetic fields, is one of the main motivations for the current huge effort in 
the manganite context. However, the lack of reliable estimations of f\ \ c is not 
accidental: it is notoriously difficult to calculate transport properties in general, 
and even more complicated in regions of parameter space that are expected to 
be microscopically inhomogeneous. Although there have been some attempts 
in the literature to calculate pd c , typically a variety of approximations that are 
not under control have been employed. In fact, the micrometer size of some 
of the coexisting clusters found in experiments strongly suggest that a fully 
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Figure 5.16. (a) Mixed-phase state near percolation. Arrows indicate conduction through in- 

sulating or metallic regions depending on T. (b) Two-resistances model for Mn-oxides. Effective 
resistance R e ff vs. T (schematic) arising from the parallel connection of metallic (percolative) 
R^ er and insulating Ri resistances, (c) Net resistivity pdc of a 100 x 100 random resistor network 
cluster vs temperature, at the indicated metallic fractions p (result taken from Ref. [105]). Inset: 
Results for a 20 3 cluster with (from the top) p=0.0, 0.25, 0.3, 0.4 and 0.5. In both cases, averages 
over 40 resistance configurations were made. The p= 1 and 0 limits are from the experiments 
corresponding to LPCMO (see Ref. [103]). Results on 200x200 clusters (not shown) indicate 
that size effects are negligible. 



microscopic approach to the problem will likely fail since, e.g., in a computa- 
tional analysis it would be very difficult to study sufficiently large clusters to 
account for such large scale structures. It is clear that a more phenomenological 
approach is needed in this context. 

For all these reasons, recently a two effective resistance picture of the physics 
of manganites was proposed by Mayr et al. [105]. A sketch of this idea is in 
Fig. 5.16. Mayr et al. [105] carried out a study of p& c using a random resistor 
network model (see Ref. [106]), and other approximations. This model was 
defined on square and cubic lattices, but with a lattice spacing much larger than 
the 4 Adistance between nearest-neighbor Mn ions. Actually, the new lattice 
spacing is a fraction of micrometer, since the random network tries to mimic 
the complicated fractal-like structure found experimentally. At each link in this 
sort of effective lattice, randomly either a metallic or insulating resistance was 
located in such a way that the total fraction of metallic component was p, a 
number between 0 and 1 . 

The actual values of these resistances as a function of temperature were 
taken from experiments. Mayr et al. [105] used the fa c (T) plots obtained by 
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Ueharaetal. [103] corresponding to (La 5 / 8 _ y Pr y )Ca 3 / 8 Mn 03 (LPCMO), one 
of the compounds that presents the coexistence of giant FM and CO clusters 
at intermediate values of the Pr concentration. More specifically, using for 
the insulating resistances the results of LPCMO at y=0.42 (after the system 
becomes a CO state with increasing Pr doping) and for the metallic ones the 
results at y=0.0 (which correspond to a metallic state, at least below its Curie 
temperature), the results of a numerical study on a 100 x 100 cluster are shown in 
Fig. 5.16 (the Kirchoff equations were solved by a simple iterative procedure). 
It is interesting to observe that, even using such a simple phenomenological 
model, the results are already in reasonable agreement with the experiments, 
namely, (i) at large temperature insulating behavior is observed even for p 
as large as 0.65 (note that the classical percolation is expected to occur near 
p — 0.5; see Ref. [106]); (ii) at small temperature a (“bad”) metallic behavior 
appears; and (iii) a broad peak exists in between. Results in both 2D and 3D lead 
to similar conclusions. It is clear that the experimental results for manganites 
can be at least partially accounted for within the mixed-phase scenario. 

The results of Fig. 5.16 suggest a simple qualitative picture to visualize why 
the resistivity in Mn-oxides has the peculiar shape it has. The relevant state in 
this context should be imagined as percolated. Metallic filaments from one side 
of the sample to the other exist in the system. At low temperature, conduction 
is through those filaments. Necessarily, pdc at T = 0 must be large, in such a 
percolative regime. As temperature increases, the p& c of the filaments grows 
as in any metal. However, in the other limit of large or room temperature, 
the resistance of the percolated metallic filament is expected to be much larger 
than that corresponding to one of the insulator paths. Actually, near room 
temperature in many experimental graphs, it can be observed that /& c in the 
metallic and insulating regimes are quite similar in value, even comparing results 
away from the percolative region. Then, at room temperature it is more likely 
that conduction will occur through the insulating portions of the sample, rather 
than through the metallic filaments. Thus, near room temperature insulating 
behavior is expected. In between low and high temperature, it is natural that 
Pd c will present a peak. Then, a simple “two resistances in parallel” description 
appears appropriate. The insulating resistance behaves like any insulator, while 
the metallic one starts at T - 0 at a high value and then it behaves like any metal. 
The resulting effective resistance properly reproduces the experiments at least 
qualitatively. 

The success of the phenomenological approach described above leads to an 
interesting prediction. In the random resistor network, it is clear that above the 
peak in the resistivity, the mixed-phase character of the system remains, even 
with a temperature dependent metallic fraction p. Then, it is conceivable to ima- 
gine that above the Curie temperature in real manganites, a substantial fraction 
of the system should remain in a metallic FM state (likely not percolated, but 
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forming disconnected clusters). A large variety of experiments indeed suggest 
that having FM clusters above Tc is possible. As a consequence, this has led us 
to conjecture that there must exist a temperature T* at which those clusters start 
forming. This defines a new temperature scale in the problem, somewhat sim- 
ilar to the famous pseudogap X* scale of the high temperature superconducting 
compounds. In fact, in mixed phase FM-AF states it is known that a pseudogap 
appears in the density of states [100, 61], thus increasing the analogy between 
these two materials. In our opinion, the experimental verification that indeed 
such a new scale T* exists in manganites is important to our understanding of 
these compounds. In fact, recent results by Kim, Uehara and Cheong [107] for 
Lai_ x CaxMn 03 at various densities have been interpreted as caused by small 
FM segments of the CE-type CO state, appearing at hole densities smaller than 
x=l/2 and at high temperature. This result is in qualitative agreement with the 
theoretical analysis presented here. 

The study of effective resistivities and conductances has also been carried 
out in the presence of magnetic fields [105], although still mainly within a 
phenomenological approach. From the previous results, it is clear that in the 
percolative regime “small” changes in the system may lead to large changes 
in the resistivity. It is conceivable that small magnetic fields could induce 
such small changes in p , leading to substantial modifications in the resistivity. 
Experiments by Parisi et al. [108] indeed show a rapid change of the fraction 
of the FM phase in Lao.sCao.sMnOa upon the application of magnetic fields. 
In addition, studies of the one-orbital model carried out in one dimension [105] 
also showed that other factors may influence the large changes upon the 
application of external fields. 

5. Concluding Remarks 

In this review, a small fraction of the main results gathered in recent years in 
the context of theoretical studies of models for manganites have been discussed. 
For better information the reader should consult a more extensive review by the 
authors and A. Moreo [24] or the recent book on manganites by Dagotto [99]. 
The main experiments that have helped clarify the physics of these interesting 
compounds are reviewed elsewhere in this book. Several aspects of the problem 
are by now widely accepted, while others still need further work to be confirmed. 
Intrinsic inhomogeneities exist in models and experiments and seem to play a 
key role in these compounds. 

Among the issues related with inhomogeneities that after a considerable 
effort appear well-established are the following: 

(1) Work carried out by several groups using a variety of techniques have shown 
that electronic phase separation is a dominant feature of models for manganites, 
particularly in the limits of small and large hole doping. This type of phase 
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separation leads to nanometer size coexisting clusters once the long-range Cou- 
lombic repulsion is incorporated into the models. 

( 2 ) Working at constant density, the transitions between metallic (typically FM) 
and insulating (typically CO/AF) states are of first order at zero temperature. 
No counter-example has been found to this statement thus far. 

(3) A second form of phase separation has been recently discussed. It is pro- 
duced by the influence of disorder on the first-order metal-insulator transitions 
described in the previous item. If couplings are fixed such that one is exactly 
at the first-order transition in the absence of disorder, the system is “confused” 
and does not know whether to be metallic or insulating (at zero disorder). On 
the other hand, if the couplings are the same, but the strength of disorder is 
large in such a way that it becomes dominating, then tiny clusters of the two 
competing phases are formed with the lattice spacing as the typical length scale. 
For nonzero but weak disorder, an intermediate situation develops where fluc- 
tuations in the disorder pin either one phase or the other in large regions of 
space. 

This form of phase separation is even more promising than the electronic one 
for explaining the physics of manganites for a variety of reasons: (i) it involves 
phases with the same density, thus there are no constraints on the size of the 
coexisting clusters which can be as large as a micrometer in scale, as found in 
experiments, (ii) The clusters are randomly distributed and have fractal shapes, 
leading naturally to percolative transitions from one competing phase to the 
other, as couplings or densities are varied. This is in agreement with many 
experiments that have reported percolative features in manganites. (iii) The 
resistivity obtained in this context is similar to that found in experiments. Near 
the critical amount of metallic fraction for percolation, at room temperature the 
charge conduction can occur through the insulating regions since their resistivity 
at that temperature is very similar to that of the metallic state. Thus, the system 
behaves as an insulator. However, at low temperatures, the insulator regions 
have a huge resistivity and, thus, conduction is through the percolative metallic 
filaments which have a large intrinsic resistivity. The system behaves as a bad 
metal, and p& c (T — 0) can be very large, (iv) Finally, it is expected that in a 
percolative regime there must be a high sensitivity to magnetic fields and other 
naively “small” perturbations, since tiny changes in the metallic fraction can 
induce large conductivity modifications. This provides the best explanation of 
the CMR effect of which these authors are aware. 

( 4 ) The experimental evidence for inhomogeneities in manganites is by now 
simply overwhelming. Dozens of groups, using a variety of techniques, have 
converged to such a conclusion. It is clear that homogeneous descriptions of 
manganites in the region of interest for the CMR effect are incorrect. These 
inhomogeneities appear even above the Curie temperature. In fact, the present 
authors believe that a new scale of temperature T* should be introduced (see 
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Ref. [104]). There must be a temperature window where coexisting clusters 
exist above the temperatures where truly long-range order develops. Part of 
the clusters can be metallic, and their percolation may induce long-range order 
as temperature decreases. The region below T* can be as interesting as that 
observed in high temperature superconductors, at temperatures higher than the 
critical values. It is likely that it contains pseudogap characteristics, due to its 
low conductivity in low bandwidth manganites. The search for a characteriza- 
tion of T* should be pursued actively in experiments. 

(5) The famous CE-state of half-doped manganites has been shown to be stable 
in mean-field and computational studies of models for manganites. Although 
such a state was postulated a long time ago, it is only recently that it has emerged 
from unbiased studies. The simplest view to understand the CE-state is based 
on a “band insulating” picture: it has been shown that in a zigzag FM chain a 
gap opens at x=0.5, reducing the energy compared with straight chains. Thus, 
elegant geometrical arguments are by now available to understand the origin 
of the naively quite complicated CE-state of manganites. Its stabilization can 
be rationalized based simply on models of non-interacting spinless fermions 
in ID geometries. In addition, theoretical studies have allowed one to analyze 
the properties of the states competing with the CE at x=0.5. In order to arrive 
at the CE-state, the use of a strong long-range Coulomb interaction to induce 
the staggered charge pattern is not correct, since by this procedure the exper- 
imentally observed charge-stacking along the 2 -axis could not be reproduced, 
and in addition the metallic regimes at x=0.5 found in some manganites would 
not be stable. Manganese oxides are in the subtle regime where many different 
tendencies are in competition. 

(6) Contrary to what was naively believed until recently, studies with strong 
electron Jahn-Teller phonon coupling or with strong on-site Coulomb interac- 
tions lead to quite similar phase diagrams. The reason is that both interactions 
disfavor double occupancy of a given orbital. Thus, if the goal is to understand 
the CMR effect, the important issue is not whether the material is Jahn-Teller or 
Coulomb dominated, but how the metallic and insulating phases, of whatever 
origin, compete. Calculations with Jahn-Teller phonons are the simplest in 
practice, and they have led to phase diagrams that contain most of the known 
phases found experimentally for manganites, such as the A-type AF insulating 
state at x=0, the A-type AF metallic state at x=0.5, the CE-state at x=0.5, etc. 
Such an agreement theory-experiment is quite remarkable and encouraging. 

(7) Also contrary to naive expectations, the smallest parameter in realistic 
Hamiltonians for Mn-oxides, namely “ Jaf” between localized feg spins, plays 
an important role in stabilizing the experimentally observed phases of mangan- 
ites, including the CE-state. Modifications of this coupling due to disorder are 
as important as those in the hopping amplitudes for eg electron movement. 
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As a conclusion, it is clear that the present prevailing paradigm for manganites 
relies on a phase-separated view of the dominant state, as suggested by dozens 
of experiments and also by theoretical calculations once powerful many-body 
techniques are used to study realistic models. 

Although considerable progress has been achieved in recent years in the 
analysis of manganites, both in theoretical and experimental aspects, there are 
still a large number of issues that require further work. Here a partial list of 
open questions is included. 

(a) The phase separation scenario needs further experimental confirmation. 
Are there counterexamples of compounds where CMR occurs but the system 
appears homogeneous? 

(b) On the theory front, a phase- separated percolative state is an important chal- 
lenge to our computational abilities. Is it possible to produce simple formulas 
with a small number of parameters that experimentalists can use in order to fit 
their, e.g., transport data? 

(c) The generation of a “Quantum Critical Point” (QCP) is likely in the context 
of competing phases, and preliminary results support this view [104]. Can this 
be observed experimentally? 

(d) There is not much reliable theoretical work carried out in the presence of 
magnetic fields addressing directly the CMR effect. 

(e) If the prediction of a phase-separated state in the CMR regime of manganites 
is experimentally fully confirmed, what are the differences between that state 
and a canonical “spin-glass”? Both share complexity and complicated time 
dependences, but are they in the same class? Stated in more exciting terms, 
can the phase- separated regime of manganites be considered a “new” state of 
matter in any respect? 

(f) Considerable progress has been achieved in understanding the x=0 and x=0.5 
charge/orbital/spin order states of manganites. But little is known about the 
ordered states at intermediate densities, both in theory and experiments. Are 
there stripes in manganites at those intermediate hole densities as recently sug- 
gested by experimental and theoretical work? 

Summarizing, the study of manganites continues challenging our understand- 
ing of transition-metal-oxides. While considerable progress has been achieved 
in recent years, much work remains to be done. In particular, a full understand- 
ing of the famous CMR effect is still lacking, although evidence is accumulating 
that it may be caused by intrinsic tendencies toward inhomogeneities in Mn- 
oxides and other compounds. Work in this challenging area of research should 
continue at its present fast pace. 




258 



COLOSSAL MAGNETORESISTIVE MANGANITES 



Acknowledgement 

The authors would like to thank C. Buhler, J. Burgy, S. Capponi, A. Feiguin, 
N. Furukawa, K. Hallberg, J. Hu, H. Koizumi, A. Malvezzi, M. Mayr, D. Poilb- 
lanc, J. Riera, Y. Takada, J. A. Verges, and S. Yunoki for valuable collaborations 
on manganites. E. D. was supported by NSF grant DMR-0122523. T.H. was 
supported by the Grant-in- Aid for Encouragement of Young Scientists from the 
Ministry of Education, Science, Sports, and Culture (ESSC). He has been also 
supported by the Grant-in- Aid for Scientific Research Priority Area from ESSC 
and for Scientific Research from Japan Society for the Promotion of Science. 

References 

[1] C. Zener, Phys. Rev. 82, 403 (1951). 

[2] P. W. Anderson and H. Hasegawa, Phys. Rev. 100, 675 (1955). 

[3] E. Dagotto, Rev. Mod. Phys. 66, 763 (1994). 

[4] S. Yunoki, J. Hu, A. Malvezzi, A. Moreo, N. Furukawa, and E. Dagotto, 
Phys. Rev. Lett. 80, 845 (1998). 

[5] P. G. de Gennes, Phys. Rev. 118, 141 (1960). 

[6] J. Goodenough, Phys. Rev. 100, 564 (1955). 

[7] E. O. Wollan and W. C. Koehler, Phys. Rev. 100, 545 (1955). 

[8] A. Millis, B. I. Shraiman, and P. B. Littlewood, Phys. Rev. Lett. 74, 5 144 
(1995). 

[9] A. J. Millis, B. I. Shraiman, and R. Mueller, Phys. Rev. Lett. 77, 175 
(1996) 

[10] A. J. Millis, R. Mueller, and B. I. Shraiman, Phys. Rev. B54, 5405 (1996). 

[1 1] A. J. Millis, Nature 392, 147 (1998). 

[12] A. J. Millis, Phys. Rev. Lett. 80, 4358 (1998). 

[13] T. Hotta, A. Malvezzi, and E. Dagotto, Phys. Rev. B62, 9432 (2000). 

[14] V. Emery, S. Kivelson, and H. Lin, Phys. Rev. Lett. 64, 475 (1990). 

[15] J. M. Tranquada, B. J. Stemlieb, J. D. Axe, Y. Nakamura, and S. Uchida, 
Nature 375, 561 (1995). 

[16] M. Gerloch and R. C. Slade, Ligand-Field Parameters, Cambridge, Lon- 
don, 1973. 

[17] K. Yoshida, Theory of Magnetism, Springer- Verlag, Berlin, 1996. 

[18] J. Kanamori, Prog. Theor. Phys. 30, 275 (1963). 

[19] L. Dworin and A. Narath, Phys. Rev. Lett. 25, 1287 (1970). 

[20] C. Castellani, C. R. Natoli, and J. Ranninger, Phys. Rev. 18, 4945 (1978). 




REFERENCES 



259 



[21] R. Fresard and G. Kotliar, Phys. Rev. B56, 12909 (1997). 

[22] J. S. Griffith, The Theory of Transition-Metal Ions , Cambridge, London, 
1961. 

[23] H. Tang, M. Plihal, and D. L. Mills, J. Magn. Magn. Mat. 187, 23 (1998). 

[24] E. Dagotto, T. Hotta, and A. Moreo, Phys. Rep. 344, 1 (2001). 

[25] H. A. Jahn and E. Teller, Proc. Roy. Soc. London A 161, 220 (1937). 

[26] J. Kanamori, J. Appl. Phys. Suppl. 31, 14S (1960). 

[27] W. H. Press, S. A. Teukolsky, W. T. Vitterling, and B. P. Flannery, Nu- 
merical Recipes, Cambridge University Press, New York, 1986. 

[28] P. B. Allen and V. Perebeinos, Phys. Rev. B60, 10747 (1999). 

[29] T. Hotta, S. Yunoki, M. Mayr, and E. Dagotto, Phys. Rev. B60, R 15009 
(1999). 

[30] J. C. Slater and G. F. Koster, Phys. Rev. 94, 1498 (1954). 

[31] N. Furukawa, J. Phys. Soc. Jpn. 63, 3214 (1994). 

[32] E. Miiller-Hartmann and E. Dagotto, Phys. Rev. B54, R6819 (1996). 

[33] J. -H. Park, C. T. Chen, S.-W. Cheong, W. Bao, G. Meigs, V. Chakarian, 
and Y. U. Idzerda, Phys. Rev. Lett. 76, 4215 (1996). 

[34] D. S. Dessau and Z.-X. Shen, Chap. 5, Colossal Magnetoresistance Ox- 
ides, edited by Y. Tokura, Gordon & Breach, New York, 1999. 

[35] Y. Okimoto, T. Katsufuji, T. Ishikawa, A. Urushibara, T. Arima, and Y. 
Tokura, Phys. Rev. Lett. 75, 109 (1995). 

[36] M. Quijada, J. Cerne, J. R. Simpson, H. D. Drew, K. H. Ahn, A. J. Millis, 
R. Shreekala, R. Ramesh, M. Rajeswari, and T. Venkatesan, Phys. Rev. 
B58, 16093 (1998). 

[37] A. Machida, Y. Moritomo, and A. Nakamura, Phys. Rev. B58, R4281 
(1998). 

[38] S. Satpathy, Z. S. Popovic, and F. R. Vukajlovic, Phys. Rev. Lett. 76, 960 
(1996). 

[39] Y. Tokura, Chap. 1 of Colossal Magnetoresistance Oxides, edited by Y. 
Tokura, Gordon & Breach, New York, 2000. 

[40] A. Bocquet, T. Mizokawa, T. Saitoh, H. Namatame, and A. Fujimori, 
Phys. Rev. B46, 3771 (1992). 

[41] T. Arima, Y. Tokura, and J. B. Torrance, Phys. Rev. B48, 17006 (1993). 

[42] T. Saitoh, A. Bocquet, T. Mizokawa, H. Namatame, A. Fujimori, M. 
Abbate, Y. Takeda, and M. Takano, Phys. Rev. B51, 13942 (1995). 

[43] M. N. Iliev, M. V. Abrashev, H.-G. Lee, Y. Y. Sun, C. Thomsen, R. L. 
Meng, and C. W. Chu, Phys. Rev. B57, 2872 (1998). 




260 



COLOSSAL MAGNETORESISTIVE MANGANITES 



[44] T. G. Perring, G. Aeppli, Y. Tokura, Phys. Rev. Lett. 80, 4359 (1998). 

[45] R. Maezono, S. Ishihara, and N. Nagaosa, Phys. Rev. B58, 1 1583 (1998). 

[46] M. Capone, D. Feinberg, and M. Grilli, Euro. Phys. J. B17, 103 (2000). 

[47] W. Koshibae, Y. Kawamura, S. Ishihara, S. Okamoto, J. Inoue, and S. 
Maekawa, J. Phys. Soc. Jpn. 66, 957 (1997). 

[48] I. Solovyev, N. Hamada, and K. Terakura, Phys. Rev. Lett. 76, 4825 
(1996). 

[49] S. Ishihara, J. Inoue, and S. Maekawa, Phys. Rev. B55, 8280 (1997). 

[50] J. J. Betouras and S. Fujimoto, Phys. Rev. B59, 529 (1999). 

[51] H. Yi, J. Yu, and S.-I. Lee, Phys. Rev. B61, 428 (2000). 

[52] P. Benedetti and R. Zeyher, Phys. Rev. B59, 9923 (1999). 

[53] T. Mizokawa and A. Fujimori, Phys. Rev. B51, R12880 (1995). 

[54] T. Mizokawa and A. Fujimori, Phys. Rev. B54, 5368 (1996). 

[55] J. van den Brink, P. Horsch, F. Mack, and A. M. Oles, Phys. Rev. B59, 
6795 (1999). 

[56] K. I. Kugel and D. I. Khomskii, Sov. Phys. JETP 37, 725 (1974). 

[57] S. Yunoki, A. Moreo, and E. Dagotto, Phys. Rev. Lett. 81, 5612 (1998). 

[58] J. van den Brink and D. Khomskii, Phys. Rev. B 63, R140416 (2001). 

[59] R. Maezono and N. Nagaosa, Phys. Rev. B62, 1 1576 (2000). 

[60] S. Yunoki, T. Hotta, and E. Dagotto, Phys. Rev. Lett. 84, 3714 (2000). 

[61] A. Moreo, M. Mayr, A. Feiguin, S. Yunoki and E. Dagotto, Phys. Rev. 
Lett. 84, 5568 (2000). 

[62] J. L. Alonso, L. A. Fernandez, F. Guinea, V. Laliena, and V. Martin- 
Mayor, Phys. Rev. B63, 64416 (2001). 

[63] J. L. Alonso, L. A. Fernandez, F. Guinea, V. Laliena, and V. Martin- 
Mayor, Phys. Rev. B63, 054411 (2001). 

[64] J. L. Alonso, L. A. Fernandez, F. Guinea, V. Laliena, and V. Martin- 
Mayor, Nucl. Phys. B596, 587 (2001). 

[65] Y. Motome and N. Furukawa, J. Phys. Soc. Jpn. 68, 3853 (1999). 

[66] Y. Motome and N. Furukawa, J. Phys. Soc. Jpn. 69, 3785 (2000). 

[67] J. van den Brink, G. Khaliullin, and D. Khomskii, Phys. Rev. Lett. 83, 
5118 (1999). 

[68] R. Mathieu, P. Svedlindh, and P. Nordblad, Europhys. Lett. 52 44 1 (2000). 

[69] T. Mizokawa and A. Fujimori, Phys. Rev. B56, R493 (1997). 

[70] J. D. Lee and B. I. Min, Phys. Rev. B55, R14713 (1997). 

[71] G. Jackeli, N. B. Perkins, and N. M. Plakida, Phys. Rev. B62, 372 (2000). 




REFERENCES 



261 



[72] V. I. Anisimov, I. S. Elfimov, M. A. Korotin, and K. Terakura, Phys. Rev. 
B55, 15494(1997). 

[73] S. Mori, C. H. Chen, and S.-W. Cheong, Nature 392, 473 (1998). 

[74] S. Mori, C. H. Chen, and S.-W. Cheong, Phys. Rev. Lett. 81, 3972 (1998). 

[75] T. Hotta, Y. Takada, H. Koizumi, and E. Dagotto, Phys. Rev. Lett. 84, 
2477 (2000). 

[76] R. Kajimoto, H. Yoshizawa, H. Kawano, H. Kuwahara, Y. Tokura, K. 
Ohoyama, and M. Ohashi, Phys. Rev. B60, 9506 (1999). 

[77] P. G. Radaelli, D. E. Cox, L. Capogna, S.-W. Cheong, and M. Marezio, 
Phys. Rev. B59, 14440 (1999). 

[78] T. Hotta, Y. Takada, andH. Koizumi, Int. J. Mod. Phys. B12, 3437 (1998). 

[79] H. Koizumi, T. Hotta, Y. Takada, Phys. Rev. Lett. 80, 4518 (1998). 

[80] H. Koizumi, T. Hotta, Y. Takada, Phys. Rev. Lett. 81, 3803 (1998). 

[81] T. Hotta, E. Dagotto, H. Koizumi, and Y. Takada, Int. J. Mod. Phys. B 
14, 3494 (2000). 

[82] T. Mizokawa, D. I. Khomskii, and G. A. Sawatzky, Phys. Rev. B61, 
R3776 (2000). 

[83] M. Korotin, T. Fujiwara, and V. Anisimov, Phys, Rev. B62, 5696 (2000). 

[84] T. Hotta and E. Dagotto, Phys. Rev. B61, R1 1879 (2000). 

[85] C. P. Adams, J. W. Lynn, Y. M. Mukovskii, A. A. Arsenov, and D. A. 
Shulyatev, Phys. Rev. Lett. 85, 2553 (2000). 

[86] P. Dai, J. A. Femandez-Baca, N. Wakabayashi, E. W. Plummer, Y. Tomi- 
oka, and Y. Tokura, Phys. Rev. Lett. 85, 2553 (2000). 

[87] M. Kubota, Y. Oohara, H. Yoshizawa, H. Fujioka, K. Shimizu, K. Hirota, 
Y. Moritomo, and Y. Endoh, J. Phys. Soc. Jpn. 69, 1986 (2000). 

[88] L. Vasiliu-Doloc, S. Rosenkranz, R. Osborn, S. K. Sinha, J. W. Lynn, 
J. Mesot, O. H. Seeck, G. Preosti, A. J. Fedro, and J. F. Mitchell, Phys. 
Rev. Lett. 83, 4393 (1999). 

[89] T. Hotta, A. Feiguin, and E. Dagotto, Phys. Rev. Lett. 86, 4922 (2001). 

[90] C. Buhler, S. Yunoki and A. Moreo, Phys. Rev. Lett. 84, 2690 (2000). 

[91] Y. Moritomo, Y. Tomioka, A. Asamitsu, Y. Tokura, and Y. Matsui, Phys. 
Rev. B51, 3297 (1995). 

[92] T. Hotta and E. Dagotto, Phys. Rev. Lett. 88, 017201 (2002). 

[93] Y. Maeno, T. M. Rice, and M. Sigrist, Physics Today 54, 42 (2001). 

[94] S. Nakatsuji and Y. Maeno, Phys. Rev. Lett. 84, 2666 (2000). 

[95] M. Braden, G. Andre, S. Nakatsuji, and Y. Maeno, Phys. Rev. B58, 847 
(1998). 




262 



COLOSSAL MAGNETORESISTIVE MANGANITES 



[96] T. Mizokawa, L. H. Tjeng, G. A. Sawatzky, G. Ghiringhelli, O. Tjemberg, 
N. B. Brookes, H. Fukazawa, S. Nakatsuji, and Y. Maeno, Phys. Rev. Lett. 
87, 077202 (2001). 

[97] A. Moreo, S. Yunoki and E. Dagotto, Science 283, 2034 (1999). 

[98] E. Dagotto, S. Yunoki, A. L. Malvezzi, A. Moreo, J. Hu, S. Capponi, D. 
Poilblanc, and N. Furukawa, Phys. Rev. B58, 6414 (1998). 

[99] E. Dagotto, Nanoscale Phase Separation and Colossal Magnetoresist- 
ance , Springer- Verlag, Berlin, 2002. 

[100] A. Moreo, S. Yunoki, and E. Dagotto, Phys. Rev. Lett. 83, 2773 (1999). 

[101] L. M. Rodriguez-Martinez and J. P. Attfield, Phys. Rev. B54, R15622 
(1996). 

[102] Y. Tomioka and Y. Tokura, Chap. 8, Colossal Magnetoresistance Oxides, 
edited by Y. Tokura, Gordon & Breach, New York, 2000. 

[103] M. Uehara, S. Mori, C. H. Chen, and S.-W. Cheong, Nature 399, 560 
(1999). 

[104] J. Burgy, M. Mayr, V. Martin-Mayor, A. Moreo, and E. Dagotto, Phys. 
Rev. Lett. 87, 277202 (2001). 

[105] M. Mayr, A. Moreo, J. Verges, J. Arispe, A. Feiguin, and E. Dagotto, 
Phys. Rev. Lett. 86, 135 (2001). 

[106] S. Kirkpatrick, Rev. Mod. Phys. 45, 574 (1973). 

[107] K. H. Kim, M. Uehara, and S-W. Cheong, Phys. Rev. B62, R11945 

( 2000 ). 

[108] F. Parisi, P. Levy, G. Polla, and D. Vega, Phys. Rev. B63, 144419 (2001). 




Chapter 6 

ORBITAL EFFECTS IN MANGANITES 



Jeroen van den Brink 

Computational Materials Science and Mesa + Institute, Faculty of Applied Physics, 

University ofTwente, P.O. Box 217, 7500 AE Enschede, The Netherlands 

and Instituut Lorentz, Universiteit Leiden, Postbus 9506, 2300 RA, Leiden, The Netherlands 



Giniyat Khaliullin 

Max-Planck-Institut fiir Festkorperforschung, 

Heisenbergstr. 1, D-70569 Stuttgart, Germany, 

and Kazan Physical-Technical Institute, Sibirskii tract 10/7, 420029 Kazan, Russia 



Daniel Khomskii 

Laboratory of Applied and Solid State Physics, Materials Science Center, 
University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands 



Abstract We review some aspects related to orbital degrees of freedom in manganites. The 
Mn 3+ ions in these compounds have double orbital degeneracy and are strong 
Jahn-Teller ions, causing structural distortions and orbital ordering. We discuss 
ordering mechanisms and the consequences of orbital order. The additional de- 
generacy of low-energy states and the extreme sensitivity of the chemical bonds 
to the spatial orientation of the orbitals result in a variety of competing interac- 
tions. This quite often leads to frustration of classical ordered states and to the 
enhancement of quantum effects. Quantum fluctuations and related theoretical 
models are briefly discussed, including the occurrence of resonating orbital bonds 
in the metallic phase of the colossal magnetoresistance manganites. 
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Figure 6.1. Phase diagram of Lai-^Ca^MnOa (after S.-W. Cheong). O: orthorhombic phase 
with rotated regular octahedra, O' : orthorhombic phase with Jahn-Teller distortions, CAF: canted 
antiferromagnet or phase separated state, FI: ferromagnetic insulator, CO: charge order, FM: 
ferromagnetic metal, AF: antiferromagnet. 



1. Introduction 

When considering the properties of real systems with strongly correlated 
electrons, such as transition metal (TM) oxides, one often has to take into 
account, besides the charge and spin degrees of freedom, described e.g. by the 
nondegenerate Hubbard model, also the orbital structure of corresponding TM 
ions. These orbital degrees of freedom are especially important in cases of the 
so-called orbital degeneracy -the situation when the orbital state of the TM ions 
in a regular, undistorted coordination (e.g. in a regular Q& -octahedron) turns out 
to be degenerate [1, 2, 3, 4]. This is e.g. the situation with the ions Ci? + ( d 9 ), 
Mn 3+ (d 4 ), Cr 2+ (d 4 ), low-spin Ni 3+ ( d 7 = t^eg). In an isolated center this 
degeneracy gives rise to the famous Jahn-Teller effect [5], and in concentrated 
systems to a cooperative transition which may be viewed as a simultaneous 
structural phase transition that lifts the orbital degeneracy (cooperative Jahn- 
Teller transition) and orbital ordering (OO) transition (or quadrupolar ordering 
transition, a terminology that is often used in rare earth compounds). 

All these effects play a very important role in the materials which became 
very popular recently -in manganites with colossal magnetoresistance (CMR). 
A typical example is the system Lai_ x Ca x Mn 03 (there may be other rare 
earths, e.g. Pr, Nd, or Bi instead of La, or other divalent cations -Sr, Ba, Pb- 
instead of Ca; there exist also layered materials of this kind). The character- 
istic phase diagram of these systems is shown schematically in Fig. 6.1. The 
undoped material LaMnOs, which is an antiferromagnetic insulator, contains 
typical Jahn-Teller ions Mn 3+ (electronic configuration ^ g e g ) -i.e. it is orbit- 





Figure 6.2. Left: splitting of 3cLlevels in a cubic crystal field (regular Mn06 -octahedron). 
Electron occupation of the four 3d-electrons in Mn 3+ is shown by arrows. Right: orbital 
ordering of LaMnCL. Arrows indicate the displacements of oxygen ions. 

ally doubly-degenerate, see Fig. 6.2. Thus we can expect that the orbital degrees 
of freedom may significantly influence the properties of CMR manganites -an 
idea which is largely supported by experiments. In this paper we review some 
of the aspects of the physics of manganites connected with orbital degrees of 
freedom. This field is actually already quite large and well developed, and of 
course we will not be able to cover all of it; much of the material presented will 
be based on the investigations in which we ourselves participated. Some of the 
general concepts used below are also presented in [6, 7]. There are a lot of dif- 
ferent questions, and a wealth of properties (see the phase diagram in Fig. 6.1) 
in which orbitals are important. In this chapter we give a general overview of 
these properties. Most topics we will discuss on a rather qualitative level, trying 
to explain the main physical effects, but without going into too many details. 
However, there are some very interesting and important problems in the orbital 
physics of manganites, which require a more detailed explanation. This, in par- 
ticular, is the case with genuine quantum effects which may be very important, 
especially (but not only) in the "optimal doped" ferromagnetic metallic phase. 
These questions are treated in Section 3 in more detail and on a somewhat more 
theoretical level. 

1.1 Main features of phase diagram: orbital effects 

As already mentioned above, the undoped LaMnCb with the perovskite struc- 
ture contains strong Jahn-Teller ions Mn? + . They are known to induce a rather 
strong local distortion in all the insulating compounds that contain them [2]. 
Also in LaMnC >3 it is well known that there exists an orbital ordering and a con- 
comitant lattice distortion: e^-orbitals of Mn 3+ ions are ordered in such a way 
that at the neighboring Mn sites the alternating — r 2 and 3 y 2 — r 2 -orbitals 
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Figure 6.3. Charge, orbital and spin ordering in the basal (xy)-plane of manganates at x = 0.5. 
Arrows denote the spin ordering. The spin zigzags, typical for the CE-type magnetic order, are 
shown by thick lines. 



are occupied, i.e. the local (Voctahedra are altematingly elongated along x 
and ^/-directions, see Fig. 6.2. Let us mention here the typical energy scales 
that are involved in the manganites. The ferromagnetic Hunds rule exchange 
among t^g and e^-electrons is Jh ~ 0.8 eV per spin pair, the crystal field split- 
ting between these levels (see Fig. 6.2) is 10 Dq ^2 — 3 eV, and the Jahn Teller 
energy, Ejt , which is the splitting of the e^-states by the lattice distortion, is 
typically an order of magnitude smaller than 10 Dq. 

Orbital ordering is also known to exist in most manganites in another well- 
defined region of the phase diagram -at half-doping x = 0.5. In this situation 
with decreasing temperature charge ordering -the checkerboard arrangement 
of Mn 3+ and Mn 4+ ions in the basal plane, see Fig. 6.3 [1, 8, 9] - sets in. The 
Mn 3+ -ions with localized electrons again have an orbital degeneracy (Mrf + 
(^ 2 g ) ions are nondegenerate, Fig. 6.2) and develop the orbital ordering shown 
in Fig. 6.3. Both the charge ordering (CO) and the OO occur simultaneously 
at the same temperature, although from some data it follows that probably the 
CO is the driving force, and the OO follows it [10]; this however is still an open 
question. 

According to the well-known Goodenough-Kanamori-Anderson rules (see 
e.g. [1,6, 7]) the magnitude and even the sign of the magnetic exchange depend 
on the type of orbitals that are occupied. Thus if the orbitals occupied by one 
electron (half-filled orbitals) are directed towards each another, one has a strong 
antiferromagnetic coupling; if however these orbitals are directed away from 
each other (are mutually orthogonal) we would have a ferromagnetic interaction. 
That is why the undoped LaMnOa (Fig- 6.2) has the A-type magnetic ordering 
-the spins in the (x, y) -plane order ferromagnetically, the next xy- layer being 
antiparallel to the first one. 

There are two more regions of the phase diagram of Fig. 6.1 in which or- 
bital effects apparently play an important role, although the detailed picture 
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is less clear. These are the low-doped region 0.1 < x < 0.2 — 0.3 (de- 
pending on the specific system considered) in which one often observes the 
ferromagnetic insulating (FI) and presumably charge-ordered phase. This is 
the case of Lai-^Ca^MnOa (0.1 < x < 0.25), Lai-^Sr^MnO;} close to x — i 
(0.1 < x < 0.18) [11, 12] and Pri^Ca^MnOa (0.15 < x < 0.3) [9]. 

It is rather uncommon to have a FI state: typically insulating materials of 
this class are antiferromagnetic, and ferromagnetism goes hand in hand with 
metallicity, which is naturally explained in the model of double exchange [13]. 
The only possibility to obtain the FI state in perovskites is due to a certain 
particular orbital ordering favorable for ferromagnetism [6] (the FI state can 
appear also in systems in which there exists the 9CP-superexchange: the TM- 
O-TM angle is close to 90°). But what is the detailed ordering in this low-doped 
region, is not completely clear, see Section 2.1. 

Another interesting, and much less explored, region is the overdoped man- 
ganites, x > 0.5. Typically in this case we have an insulating state, sometimes 
with the CO and OO state in the form of stripes [14] orbistripes [15]. Thechoice 
between these two options is still a matter of controversy (see e.g. [14, 16]), as 
well as the detailed type of magnetic ordering in this case. We will return to this 
point in section 4.2. When discussing the properties of overdoped manganites 
at x > 0.5, one should mention an important fact: the very strong asymmetry 
of the typical phase diagram of manganites. As seen e.g. from Fig. 6. 1 , there 
usually exists a rather large ferromagnetic metallic region (FM) for x < 0.5, 
but almost never for x > 0.5 (only rarely one observes bad metallic behavior 
and unsaturated ferromagnetism in a narrow concentration range in some over- 
doped manganites [17]). However from the standard double-exchange model 
one can expect the appearance of a FM phase not only in hole-doped LaMnQ 
(x < 0.5) but in electron-doped CaMnOjOr > 0.5) as well. Orbital degeneracy 
may play some role in explaining this asymmetry [ 1 8] -see section 4. 

There exists also a problem as to what are the orbitals doing in the optimally 
doped ferromagnetic and metallic manganites. Usually one completely ignores 
orbital degrees of freedom in this regime, at least at low temperatures; this 
is supported by the experimental observations that the MnQj-octahedra are 
completely regular in this case. But orbital degrees of freedom cannot just 
vanish. In this doping regime there is a strong competition between the tendency 
of orbitals to order locally and the kinetic energy of the charge carriers that tends 
to destroy long range orbital order. This is comparable to the situation in High 
T c superconductors, where the long-range antiferromagnetic order of, in this 
case, spins is frustrated by mobile charge carriers. In an analogous way the 
mobile holes in optimally doped manganites can melt the orbital order: in the 
ferromagnetic metallic phase of the manganites the orbital degrees of freedom 
do not simply disappear, but instead the orbitals are "rotating" very fast and may 
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Figure 6.4. Schematic representation of the Q 2 and Q 3 Jahn-Teller distortions of a MnOo 
octahedron. 



form resonating orbital bonds, see Section 3. Another option -orbital ordering 
of a new type with "complex orbitals" is discussed in Section 2.2. 

1.2 Mechanisms for Orbital Ordering 

Before discussing particular situations in different doping ranges, it is worth- 
while to address briefly the general question of possible interactions of degen- 
erate orbitals which can lead to orbital ordering. In transition metal compounds 
there are essentially two such mechanisms. The first one is connected with the 
Jahn-Teller interaction of degenerate orbitals with the lattice distortions, see 
e.g. [19]. Another mechanism was proposed in 1972 [20], see also [2], and is 
a direct generalization of the usual superexchange [ 21 ] to the case of orbital 
degeneracy. 

A convenient mathematical way to describe orbital ordering is to introduce 
operators T{ of the pseudospin describing the orbital occupation, so that 
e.g. the state \T Z = ^ ) corresponds to the occupied orbital \3z* — r 2 ), and 
\T Z = — to \x 2 — y 2 ). The first one corresponds to a local elongation of the 
Oe-octahedra (distortion coordinate Qs > 0), see Fig. 6.4, and the second -to 
local contraction Q 3 < 0 [22]. The second degenerate £^-phonon which can 
also lift electronic e 9 -degeneracy, Q 2 , see Fig. 6.4, corresponds to a pseudospin 
operator T x . One can describe an arbitrary distortion and corresponding wave 
function by linear superpositions of the states \P = +\) and \T Z — 



1 6) = cos ||i) + sin 1 1 — i) 



( 6 . 1 ) 



where 6 is an angle in (T z , T x ) -plane. 
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The Jahn-Teller mechanism for orbital ordering starts from the electron- 
phonon interaction, which in our case can be written in the form 

H = + b 3 _ q ) + Tf{b\ q + 6 2i _,)] + 

iq aq 

where a = 2; 3 and b\ and b \ are the phonon operators corresponding to Qs and 
Q 2 local modes. Excluding the phonons by a standard procedure, one obtains 
the orbital interaction having the form of a pseudospin-pseudospin interaction 

= (6 - 3) 

ij 

where 

Jii ~ V ^-e iq{Rt ~ R ^ (6.4) 

and 11 — x,z. Due to different dispersion of the different relevant phonon 

modes, and due to the anisotropic nature of electron-phonon coupling, the 
interaction (6.3) is in general anisotropic. 

Similarly, the exchange mechanism of orbital ordering may be described by 
the Hamiltonian containing the pseudospins 2?, but it contains also the ordinary 
spins Si. The effective superexchange Hamiltonian can be derived starting from 
the degenerate Hubbard model [20], and it has schematically the form 

H = ^{.hSiSj + J 2 (T 1 T j ) + J 3 (S4)(T 4 T,)}. (6.5) 

ij 

Here the orbital part (T^T)), similar to (6.3), is in general anisotropic, whereas 
the spin exchange is Heisenberg-like. In contrast to the Jahn-Teller induced 
interaction, the exchange mechanism describes not only the orbital and spin 
orderings separately, but also the coupling between them (last term in (6.5)). 
This mechanism is rather successful in explaining the spin and orbital structure 
in a number of materials [2, 20], including LaMnCb (for the latter system one 
has to invoke also the anharmonicity effects [20] -see also [23]). 

As to the electron-lattice interaction, typically one includes mostly the coup- 
ling with the local -i.e. optical- vibrations [24]. However no less important 
may be the interaction with the long-wavelength acoustical phonons, or, simply 
speaking, with the elastic deformations. Generally, when one puts an impurity 
in a crystal, e.g. replacing the small Mn 4+ ion in CaMnC >3 by the somewhat 
larger Mn 3+ ion, which in addition causes a local lattice distortion due to the 
Jahn-Teller effect (i.e. we replace a “spherical” Mn 4+ ion by an “ellipsoidal” 
Mn 3+ ), this creates a strain field which is in general anisotropic and decays 
rather slowly, as 1/i? 3 [25, 26]. A second “impurity” of this kind “feels” this 
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strain, which leads to an effective long-range interaction between them. This 
can naturally lead to the spontaneous formation of different superstructures in 
doped materials [27, 28]. Thus, there may appear vertical or diagonal stripes, 
even for non-Jahn-Teller systems. In case of manganites one can show that there 
appears e.g. an effective attraction between 3a 2 — r 2 and 3 y 2 — r 2 - orbitals in 
x and //-direction; this immediately gives the orbital ordering of LaMnQ-type 
shown in Fig. 6.2. Fora; = 0.5, assuming the checkerboard charge ordering, one 
gets from this mechanism the correct orbital ordering shown in Fig. 6.3 [27, 28]. 
And for overdoped manganites one can get either single or paired stripes, de- 
pending on the ratio of corresponding constants: One can show [24, 27, 28] 
that for a diagonal pair like the ones in Fig. 6.14, one gets an attraction of the 
same orbitals 3x 2 — r 2 and 3x 2 — r 2 or 3 y 2 — r 2 and 3 y 2 — r 2 , but repulsion 
of 3x 2 — r 2 and 3 y 2 — r 2 . Thus, if one takes into account only these nearest 
neighbor diagonal interactions, the single stripe phase of Fig. 6.14 would be 
more favorable than the paired stripes of the Fig. 6.14. However the latter may 
in principle be stabilizes by more distant interactions like those for a pair of 
Mn 3+ ions along x and //-directions in Fig. 6.14. Which state is finally more 
favorable, is still not clear, see Ref. [28]. 

2. Orbital order for x < 1/2 

In the previous section we have given some examples that show that the 
interaction of orbital degrees of freedom among themselves and the interaction 
with electron spins or with the lattice, can give rise to long-range orbital ordered 
states. Experimentally the manganites seem to be especially susceptible to an 
orbital order instability at commensurate doping concentrations: the undoped 
system is a canonical example of an orbitally-ordered Mott insulator and for x = 
1/2 orbitals are ordered in most manganites. Below we discuss the situation 
for x — 1/8 and x — 1/4 and the possibility of orbital order in the metallic 
phase. 

Every ordered state has one or more elementary excitations related to the 
actual symmetry that is broken by the long-range order. In spin systems this 
symmetry is often continuous, which leads to the occurrence of a Goldstone 
mode, in this case a spin- wave -magnon- that has a vanishing excitation energy 
when its wavelength is very long. Related to the ordering of orbitals there 
should therefore be an elementary excitation with orbital character: the orbiton. 
Recently this orbital wave was actually observed experimentally [47]. In this 
and the next section we discuss some of its properties, emphasizing that the 
orbital mode is gapped and that it strongly interacts with lattice and spin degrees 
of freedom [46]. 
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Figure 6.5. Orbital polarons and possible types of orbital ordering in low doped manganites: 
(a) Orbital polaron close to a Mn 4+ ion; ( b ) Ordering of orbital polarons for x = 0.25 in a bcc- 
lattice; (c) An alternative charge and orbital ordering, obtained for x = 1/8 in [34]. Notations 
are the same as in Figs. 6.3 and 6.14. Shaded lines-“stripes” containing holes. 



2.1 Undoped and lightly doped manganites 

As already mentioned in section 1, typically there exist a ferromagnetic 
insulating region at low doping (0.1 ~ x ~ 0.18 for the LaSr system, x ~ 0.25 
for LaCa, 0.15 ~ x ~ 0.3 for PrCa). The problem is to explain the origin of the 
FI state in this case. Apparently it should be connected with an orbital ordering 
of some kind; but what is the specific type of this ordering, is largely unknown. 

The most complete, but still controversial, data exist on the LaSr-sy stem close 
to x = 1/8. There exists a superstructure in this system [29, 1 1], and an orbital 
ordering was detected in the FI phase in [12]. Certain orbital superstructures 
were also seen by the resonant X-ray scattering in Pib.75Cao.25Mn03 [33]. 
Both these systems, however, were looked at by this method only at one k- 
point [3,0,0], which is not sufficient to uniquely determine the type of orbital 
ordering. The existing structural data, or rather the interpretation of this data, 
is still controversial [30, 31, 32]. 

Theoretically two possibilities were discussed in the literature [34, 35]. First 
of all one can argue that when one puts a Mn 4+ ion into Mn 3+ matrix, the orbitals 
of all the ions surrounding the localized hole (Mn 4+ ) would be directed towards 
it, see Fig. 6.5 a [35, 36]. One can call such state an orbital polaron. We use the 
concept of ’orbital polaron’ in a rather loose sense here and for a somewhat more 
formal discussion we refer to Section 3.3. These polarons, which according 
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to Goodenough-Kanamori-Anderson rules would be ferromagnetic, can then 
order e.g. as shown in Fig. 6.5 b for x = 0.25. The calculations carried out in 
[35] show that this state is indeed stable, and it corresponds to a ferromagnetic 
insulator. Thus it is a possible candidate for a FI state at x ~ 1/4 e.g. in Pr-Ca 
system. 

However there exist an alternative possibility. Calculations show [34] that 
a similar state with ordered polarons is also locally stable for x ~ 1/8. But 
it turned out that the lower energy is reached in this case by different type 
of charge and orbital ordering, Fig. 6.5c [34]: the holes are localized only 
in every second xy- plane, so that one such plane containing only Mr? + ions 
develops the orbital ordering of the type of LaMnCh, Fig. 6.2, and the holes in 
the next plane concentrate in “stripes”, e.g. along x-direction. This state also 
turns out to be ferromagnetic, and the superstructure obtained agrees with the 
experimental results of [29] and [11] for Lai_ x Sr x Mn 03 , x ~ 1/8. One can 
think that the situation can be also similar for x ~ 1/4 which would agree with 
the data of [33]. This type of the charge ordering (segregation of holes in every 
second plane) may be favorable due to an extra stability of the LaMnQ-type 
orbital ordering, strongly favored by the elastic interactions [28], as discussed 
in section 1. A "mixed" possibility is in principle also possible: there may exist 
for example a similar charge segregation into a hole-rich and hole-poor plane, 
but the orbitals may rather behave as is shown in Fig. 1.5a, i.e. contrary to fig 
1.5c, there may be partial occupation of 32? — r 2 -orbitals at certain sites. 

2.2 Possible orbital ordering in metallic phase 

Let us discuss the most important phase -that of optimal doping, x ~ 0.3 
- 0.5. In most cases the systems in this doping range are ferromagnetic and 
metallic at low temperatures, although the residual resistivity is usually relat- 
ively large. 

Now, the question is: what are the orbitals doing in this phase? Experi- 
mentally one observes that the macroscopic Jahn-Teller ordering and corres- 
ponding lattice distortion is gone in this regime. The La-Ca system remains 
orthorhombic in this concentration range, but that is due to the tilting of the 
06 octahedra, the octahedra themselves being regular (all the Mn-0 distances 
are the same). The structure of the La-Sr manganites in this regime is rhom- 
bohedral, but again all the Mn-O distances are equal. Moreover even the local 
probes such as EXAFS or PDF (pair distribution function analysis of neutron 
scattering) [37], which detect local distortions above and close to show that 
for T — > 0 they completely disappear, and MnC^-octahedra are regular even 
locally. 

What happens then with the orbital degrees of freedom? There are several 
possibilities. One is that in this phase the system may already be an ordinary 
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metal, the electronic structure of which is reasonably well described by the 
conventional band theory. In this case we should not worry about orbitals at 
all: we may have a band structure consisting of several bands, some of which, 
not necessarily one, may cross Fermi-level, and we should not speak of orbital 
ordering in this case, just as we do not use this terminology and do not worry 
about orbital ordering in metals like A1 or Nb which often have several bands 
at the Fermi-level. 

If however there exist strong electron correlations in our system (i.e. the 
Hubbard’s on-site repulsion U is bigger that the corresponding bandwidth) -one 
should worry about it. The orbital degrees of freedom should then do something. 
In principle there exists two options. One is that the ground state would still be 
disordered due to quantum fluctuations, forming an orbital liquid [38], similar 
in spirit to the RVB state of the spin system (we can speak of the pseudospin 
RVB state). We discuss this physics in the next section. 

There is also an alternative possibility: there may in principle occur an orbital 
ordering of a novel type, without any lattice distortion, involving not the orbitals 
of the type (6.1), but the complex orbitals -linear superpositions of the basic 
orbitals 3 z 2 — r 2 and ( x 2 — y 2 ) with the complex coefficients, e.g. 

|±) = -T(|3z 2 - r 2 ) ±i|x 2 - y 2 )). (6.6) 



This possibility was first suggested in [39] and then explored in [40, 41]; inde- 
pendently a similar conclusion was reached a bit later in [42]. One may easily 
see that the distribution of the electron density in this state is the same in all 
three directions, x, y and z. Thus this ordering does not induce any lattice 
distortion -the Mn06 octahedra remain regular, and the system is cubic (if we 
ignore tilting of the octahedra). On the other hand, the state with complex coef- 
ficients, as always is the case with complex wave functions, breaks time-reversal 
invariance, i.e. this state is in some sense magnetic. One can show however 
that the magnetic dipole moment in this case is zero -it is well known that the 
orbital moment is quenched in e 9 -states (these states are actually |f =0) and 
^=(|2) + |— 2)) states of the l = 2 rf-orbitals). Similarly, the magnetic quad- 
rupole moment is also zero, by parity arguments. The first nonzero moment in 
this state is a magnetic octupole. Indeed, the actual order parameter in this case 
is the average 77 = (M xyz ) — (S L x L y L z ) ^ 0 where l a are the components 
of the orbital moment / = 2 of d-electrons, and S means the symmetrization. 
This operator is actually proportional to the I^-operator of pseudospin, i.e. the 
order parameter of this type of orbital ordering is 77 = (7 17 ). One can visualize 
this state as the one in which there exist orbital currents at each unit cell. 
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2.3 Orbitons: orbital excitations 

Each time we have certain ordering in solids, corresponding excitations 
should appear. The quadrupolar charge ordering -orbital ordering- should 
give rise to elementary excitations with orbital signature, as this order causes 
a breaking of symmetry in the orbital sector. These excitations -we may call 
them orbitons- were first discussed shortly in [2, 20] and recently were studied 
theoretically in several papers, e.g. in [43, 44, 45, 46]. One of the problems 
that could complicate an experimental observation of these excitations, is the 
usually rather strong Jahn-Teller coupling of orbital degrees of freedom with the 
lattice distortions. This could make it very difficult, if not impossible, to “de- 
couple” orbitons from phonons. And indeed the experimental efforts to observe 
orbitons were unsuccessful for many years. A breakthrough came only recently 
when the group of Y. Tokura managed to observe the manifestations of orbital 
excitations in Raman scattering on untwinned single crystals of LaMnQ [47]. 

The observed orbitons were interpreted by the authors as being due to electron 
correlations [47], but in the comment that accompanied this publication it was 
immediately mentioned that here the coupling to phonons can also be very 
important [48]. Let us briefly discuss the question of the origin of orbitons; this 
is also important as they, in turn, have a large effect on spin [45, 49] and charge 
excitations [50, 51, 52], as we discussed in the previous section. 

The physical aspects of the coupling between the orbital excitation and Jahn- 
Teller phonons can be illustrated by considering the orbital and phonon excit- 
ations as dispersionless. We can view this as a reasonable first approximation 
because orbital excitations are always gapped (see next section) and Jahn-Teller 
lattice excitations are optical phonons. Applying this simplification to Eqs.(6.2) 
and (6.3) leads to the single-site Hamiltonian [46] 

Hioc — [J + 2g(& 3 + bs)\q^q + uJo(b\b^ + 6^2) 

+ g(q ] + q){bl + b 2 ), (6.7) 

where the q operator describes an orbiton excitation, are the $ 2,3 phonon 
modes and J = 3 J +4 g 2 / ujq , where g is the electron-phonon coupling constant, 
uo the JT phonon frequency and J the superexchange energy. Let us discuss 
three important consequences of the orbiton-phonon coupling in Eq. (6.7). First, 
the coupling to the lattice moves the orbiton to higher energy an amount 4^ /ljq . 
This shift has a straightforward physical meaning: it is the phonon contribution 
to the crystal-field splitting of the ^-states caused by the static Jahn-Teller 
lattice deformation. The effective orbital excitation energy is the sum of the 
local orbital exchange energy and static phonon contribution to the crystal-field 
splitting. 

If, however, an orbital excitation is made, it strongly interacts with the 
phonon, so that the orbital excitation can be dynamically screened by the Jahn- 
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Figure 6.6. (a) Orbiton spectral function at the T and X-point, g = ujq/2. (b) Spectrum of the 

Raman-active A g and Bi g phonon modes for g/uo — 0.35. The experimental peak positions 
are indicated by V. For uj > c^o the spectral weight is multiplied by 10, see Ref. [46]. 

Teller phonons and lowered in energy. The crystal-field splitting and screening 
are strongly competing as both are governed by the energy scale set by the 
electron-phonon coupling. Finally, the orbital and Q 2 phonon modes mix, as 
is clear from the last term of Hi oc . This implies that the true eigenmodes of the 
coupled orbital-phonon system have both orbital and phonon character. 

In general, the mixing of orbital and phonon mode gives rise to extra phonon 
satellites in the orbiton spectral function at energy intervals of u^. Vice versa, 
due to this mixing, a low intensity orbital satellites at « 3 J will be present in the 
Q 2 phonon spectral function. As discussed above, the most plausible estimates 
of the Jahn-Teller energy ( Ejt = 4g 2 /u;o) are Ejt ~ 200 — 300 meV, and the 
superexchange J ^ 40 meV. With these estimates, keeping in mind the results 
described above -the strong mixing of the orbital excitation and the phonons- 
one comes to the conclusion that the features at 150 meV observed in the 
Raman experiment [47], interpreted there as pure orbital excitations, are rather 
the orbiton-derived satellites in the phonon spectral function, see Fig. 6.6 [46]. 
A framework beyond the toy model described above is needed to establish the 
relevance of such an interpretation, and to establish the exact nature of the 
satellites in the Raman spectra: this is still an open issue, both experimentally 
and theoretically. But it is clear that the elementary excitations of an orbital 
ordered system are mixed modes with both orbital and phonon character, or, 
in other words, are determined by both electron correlation effects and the 
electron-lattice interaction. 

3. Quantum effects; optimal doping 

Below the cooperative orbital/Jahn-Teller transition temperature, a long- 
range coherence of orbital polarization sets in, and spin-exchange interactions 
on every bond are fixed by the Goodenough-Kanamori rules [1, 6, 7, 53]. Im- 
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plicit in this picture is that the orbital splittings are large enough so that we can 
consider orbital populations as classical numbers. Such a classical treatment of 
orbitals is certainly justified when orbital order is driven by strong cooperative 
lattice distortions that lead to a large splitting of the -initially degenerate- orbital 
levels. In this limit the orbital excitations are more or less localized high-energy 
quadrupole moment (or crystal-field) transitions, and therefore they effectively 
just renormalize spin degrees of freedom but otherwise do not effect much the 
physical properties of the system at low energy scales. 

Quantum effects, however, can start to dominate the ground state properties 
and elementary excitations when classical order is frustrated by some interaction 
that opposes the tendency of the orbitals to order. The reason that this might 
very well be the case in some regions of the phase diagram of the manganites is 
that orbitals strongly interact with spins via the superexchange and that orbital 
order is frustrated by the kinetic energy of carriers in a metallic system. But the 
actual situation in manganites is still under debate; while in the undoped case the 
orbital excitations are rather high in energy and therefore quite decoupled from 
the spins, there are many indications that orbital dynamics play an essential role 
in the physics of doped manganites. 

In this Section we discuss several physical examples and some theoretical 
models that show that there is a strong dynamical interplay between orbital 
fluctuations and spin and charge degrees of freedom. Both spin exchange and 
charge motion are highly sensitive to the orbital bonds, and the basic idea is 
that the interaction energy cannot be optimized simultaneously in all the bonds: 
this leads to the peculiar frustrations and quantum resonances among orbital 
bonds. Of course a classical treatment in such cases gives very poor estimates of 
energies, and the quantum dynamics of the coupled orbital-spin-charge system 
becomes of crucial importance, as we illustrate below in the context of several 
theoretical models with coupled orbital, spin and charge degrees of freedom. 
Thus the important physics, quantum effects, largely depend on some particular 
properties of orbital systems, notably the frustration in the orbital sector, which 
are absent in canonical spin and spin-charge models, e.g. the t-J model. To 
explain this, we devote some time to a more theoretical discussion, treating some 
orbital and spin-orbital models (Section 3.1 and 3.2); later on in this chapter we 
will apply these concepts to the discussion of properties of manganites in the 
cubic metallic phase (Sections 3.4 and 3.5) 

3.1 Superexchange and spin-orbital models 

Quantum fluctuations of the orbitals originate mainly from two kind of inter- 
actions. First we discuss the superexchange interaction, and the second mech- 
anism -the very effective frustration of orbitals by doped holes- we describe 
later on. 
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Let us take as an example a toy version of the full superexchange model 
(proposed by Kugel and Khomskii [2]). On a three-dimensional cubic lattice it 
takes the form: 



H = + ^ ( 6 . 8 ) 

(hi) 

ff = 1 - l -Tf ] - + i), 

with J = 4 1 2 /U, where t and U are, respectively, the hopping integral and 
on-site Coulomb repulsion in the Hubbard model for two-fold degenerate 

electrons at half filling. The structure of depends on the index 7 which 
specifies the orientation of the bond ( ij ) relative to the cubic axes a, b and c: 

f a/b) = ± v/3of ), Tf = (6.9) 

where <j z and o x are the Pauli matrices. Physically the T operators describe the 
dependence of the spin-exchange interaction on the orbitals that are occupied, 
and the main feature of this model -as is suggested by the very form of Hamilto- 
nian ( 6 . 8 )- is the strong interplay between spin and orbital degrees of freedom. 
It was recognized first in Ref. [49] that this simple model contains rather non- 
trivial physics: the classical Neel state in Eq. ( 6 . 8 ) (where (SiSj) = —1/4) is 
infinitely degenerate in the orbital sector; this extra degeneracy must be lifted 
by some mechanism. Before discussing this mechanism, let us first elaborate 
on this degeneracy and the importance of quantum effects in this case. We first 
notice that the effective spin exchange constant in this model is definite positive 
> 0 ) for any configuration of orbitals, where its value can vary from 
zero to J, depending on the orientation of orbital pseudospins. We therefore 
expect a simple two-sublattice antiferromagnetic, G-type, spin order. There is 
however a problem: a classical G-type ordering has cubic symmetry and can 
therefore not lift the orbital degeneracy, not even locally. In more formal terms, 
the spin part (SiSj + 1/4) of the Hamiltonian ( 6 . 8 ), in mean field approxim- 
ation, simply becomes zero in this state for all bonds, so that these orbitals 
effectively do not interact -they are completely uncorrelated- and hence retain 
full rotational freedom on every lattice site. In other words, we gain no energy 
from the orbital interactions that are present in the model. This shows that from 
the point of view of the orbitals the classical Neel state is energetically a very 
poor state of the system. 

The mechanism for developing intersite orbital correlations (and hence to 
gain energy from orbital ordering) must involve a strong deviation in the spin 
configuration from the Neel state -a deviation from (SiSj) = —\. This implies 
an intrinsic tendency of the system to develop low-dimensional spin fluctuations 
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Figure 6.7. |3 z 2 — r 2 )- orbital order which leads to weakly coupled AF spin chains ( J c = J, 
J± — J j 16). As discussed in Refs. [45, 58], this type of orbital ordering provides the largest 
energy gain due to quantum spin fluctuations. An orbital flip (indicated by an arrow) modulates 
the strength of the neighboring exchange bonds, breaking the c chain. In the classical Neel 
state, such orbital excitations cost no energy [49, 57]. Due to the presence of strong quasi one- 
dimensional spin fluctuations, however, a finite orbital gap opens through the order from disorder 
mechanism, thus stabilizing this structure. 



which can most effectively be realized by an ordering of orbitals as shown in 
Fig. 6.7. In this situation the effective spin interaction is quasi-one-dimensional 
along the chains in the c-direction so that quantum spin fluctuations are enhanced 
as much as possible and quantum energy is gained from the bonds along the 
chain. Here (S{Sj + \) < 0, so that the effective orbital (pseudospin) exchange 
is indeed ferromagnetic, which leads to the orbital structure shown in Fig. 6.7. 
At the same time the cubic symmetry is explicitly broken, as fluctuations of 
spin bonds are different in different directions. This leads to a finite splitting 
of e^-levels, and therefore an orbital gap is generated. One can say that in 
order to stabilize the ground state, orbital order and spin fluctuations support 
and enhance each other -a situation that is very similar to Villain’s order from 
disorder phenomena known previously from frustrated spin systems [54, 55, 56]. 

From the technical point of view, it is obvious that a conventional expansion 
about the classical Neel state would fail to remove the orbital degeneracy: only 
quantum fluctuations can lead to orbital correlations. This is precisely the 
reason why in a linear spin-wave approximation one does not obtain an orbital 
gap, and low-energy singularities appear [49, 57]. The problem was resolved 
in Refs. [45, 58]: the singularities vanish once quantum spin fluctuations are 
explicitly taken into account in the calculations of the orbiton spectrum. These 
fluctuations generate a finite gap for single orbital as well as for any composite 
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spin-orbital excitation, and in this way the spin fluctuations remove the orbital 
frustration problem. The long-range spin-orbital order indicated in Fig. 6.7 is 
stable against residual interactions because of the orbital gap (of the order of 
J / 4), and because of the small, but finite, coupling between spin chains. 

In general the Kugel-Khomskii model is a very nice example of how an appar- 
ently three-dimensional system may by itself develop low-dimensional quantum 
fluctuations. We find it quite interesting and amusing that these quantum fluc- 
tuations do not only coexist with a weak three-dimensional staggered spin mo- 
ment, but that they are actually of vital importance to stabilize this long-range 
order by generating an orbital gap and intersite orbital correlations. The phys- 
ical origin of this peculiar situation is, of course, the strong spatial anisotropy 
of the e^-orbital wave functions. Because of this anisotropy it is impossible to 
optimize all the bonds between Mn 3+ ions simultaneously; this results in or- 
bital frustration. The best the system can finally do, is to make specific strong 
and weak bonds in the lattice, whereby it reduces the effective dimensionality 
of the spin system in order to gain quantum energy. At the same time tunnel- 
ing between different orbital configurations is suppressed: the spin fluctuations 
produce an energy gap for the rotation of orbitals. 

3.2 Orbital-only models 

Let us consider for the moment the spins to be frozen in a ferromagnetic 
configuration, and ask how the orbitals would behave in this case. The model 
(6.8) then reads 

H orb = AY,ff ] T^\ ( 6 . 10 ) 

fa' >7 

where is given by Eq. (6.9) and A — J j 2. This limit has actually been 
considered in Ref. [59] as a model system to describe orbital dynamics in an 
undoped orbitally degenerate ferromagnet and for the ferromagnetic insulat- 
ing phase of underdoped manganites. In the latter case this mapping is not 
quite satisfying because the ferromagnetic insulator is in fact stabilized by 
frozen-in doped holes that strongly affect the orbitals in their neighborhood, as 
was discussed in Section 2.1. The model (6.10) is clearly anisotropic and in 
that respect underlines the important difference between orbital excitations and 
conventional spin dynamics. Another very closely related model is a so-called 
“cubic” model defined as follows: 

H cuh ,KX TflJ + Tf T] + £ T~Tj )• (6.1 1) 

fa)a (ij)b (ij)c 

where along each a,b and c crystallographic axis only one of the respective 
orbital operators T x , T y and T z is active. In this ’’cubic” model the bond 
anisotropy in Hamiltonian 6.10 is taken to the extreme. Although the model 
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is not directly applicable to the manganites, it is simpler than the model in 
Eq. (6.10), but it still contains the essential bond anisotropy and degeneracy 
that makes orbital models so different from spin Hamiltonians. This model has 
been proposed and discussed in the context of orbital frustrations already in the 
1970’s [60]. It is interesting to notice that precisely this “cubic” model appears 
in cubic titanates as a magnetic anisotropy Hamiltonian [61]. 

We discuss the two models in Eq (6. 10), (6. 11) in parallel as they display 
very similar peculiarities in the low-energy limit. As pseudospins in both mod- 
els interact antiferromagnetically along all bonds, a staggered orbital ordered 
state is expected to be the ground state of the system. In the three-dimensional 
system at the orbital degeneracy point, however, linear spin-wave theory leads 
to a gapless two-dimensional excitation spectrum. This results in an apparent 
instability of the ordered state at any finite temperature [59], an outcome that 
sounds at least counterintuitive. Actually, the problem is even more severe: a 
close inspection shows that the interaction corrections to the orbiton excitations 
diverge even at zero temperature, manifesting that the linear spin-wave expan- 
sion about a classical staggered orbital, Neel-like, state is not adequate in this 
case. 

The origin of these problems was recently clarified in Refs. [61, 62]. By 
symmetry, there are only a finite number of directions (three equivalent cubic 
axes), one of which will be selected by a staggered pseudospin order parameter. 
Since this breaks only a discrete symmetry, the excitations about the ordered 
state must have a gap. A linear spin wave theory fails however to give the 
gap, because Eqs.(6.10),(6.11) acquire a rotational symmetry in the limit of 
classical spins. This results in an infinite degeneracy of classical states, and an 
accidental pseudo Goldstone mode appears, which is however not a symmetry 
property of the original quantum models (6. 10), (6. 11). This artificial gapless 
mode leads to low-energy divergencies that arise because the coupling constant 
for the interaction between orbitons does not vanish at zero momentum limit, 
as it would happen for a true Goldstone mode. Hence the interaction effects are 
non-perturbative. 

At this point the order from disorder mechanism comes again into play: a 
particular classical state is selected so that the fluctuations about this state max- 
imize the quantum energy gain, and a finite gap in the excitation spectra opens, 
because in the ground state of the system the rotational invariance is broken. An 
orbital gap A ~ 0.7 A in the model (6.10) has been estimated in Ref. [62, 63], 
which has to be compared with the full orbiton dispersion of 2\/2 A. Similarly, 
the “cubic” model with nearest-neighbor interactions shows long-range orbital 
order and has an excitation gap A ~ A [61]. It should be noticed however, 
that while ground state and gap issue in models (6. 10), (6. 11) are more or less 
settled, further studies are required to fully characterize the excitation spectra. 
Of particular interest are damping effects, as we expect substantial incoher- 
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ent features in the orbiton modes because of the strong interaction between 
low-energy (~ A) orbitons. 

What can we learn from the examples above? The calculation of the excit- 
ation spectrum in systems with orbital degeneracy is somewhat involved even 
in the half filled, insulating limit. This is due to the peculiar frustration of 
superexchange interactions, which leads to infrared divergencies when linear 
spin wave theory is applied [49, 57, 59]. That such divergencies occur in lowest 
order approximations is a universal feature of e^-orbital models on cubic lat- 
tice -it reflects the special symmetry properties of ^-orbital pseudospins. To 
calculate the excitation spectrum a more careful treatment of quantum effects 
is then required. 

The main message is that orbital ordering, unlike spin ordering, is not ac- 
companied by a simple Goldstone mode. Rather, collective orbiton excitations 
always have a finite gap and we also expect a substantial incoherent damp- 
ing over all momentum space. This distinct feature of the orbitons has to be 
kept in mind for the interpretation of experimental data. Of course the precise 
way of how an orbiton gap is generated, depends on the model, but an order 
from disorder scenario seems to be a rather common mechanism to resolve the 
frustration of classically degenerate orbital configurations. It is interesting to 
note that if one takes instead a similar model but with long-range interaction, 
e.g. the classical model with dipole-dipole interaction, the conclusion about 
the long-range order might be modified; it was shown in [64] that there is no 
long-range order of the type shown in Fig. 6.2 in the dipole model in two- and 
three-dimensional systems. 

Although this review focuses on e^-orbital dynamics, it is worthwhile to 
mention at this point that orbital frustration is in fact a very general property of all 
orbital degenerate cubic perovskite compounds, including those with three-fold 
t 2 g orbital degeneracy. In this case the situation is actually even more dramatic 
because the degeneracy of t 2g level is larger [65], which enhances quantum 
effects [66]. In addition to the frustration that is present in the Q ; -system, 
there also exists the possibility to form quantum singlets and resonating valence 
bonds among t 2g orbitals (see for the details Refs. [6 1 , 67]). Therefore quantum 
tunneling between different local orbital configurations may occur. The cubic 
titanate LaTiC >3 is an outstanding example: it was recently observed [68] that 
orbitals in this Mott insulator remain disordered even at low temperature, which 
can be explained by the formation of a coherent quantum liquid state [67]. The 
cubic vanadates are also interesting in this respect, although they are different 
because of the larger spin value. In this case the spin-orbital frustration is 
again resolved by the order from disorder mechanism with the help of low- 
dimensional orbital fluctuations [69]. 
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Figure 6.8. Schematic representation of a hole in an orbital ordered ground state (a). The 
occupied (empty) orbitals are shown as filled (empty) rectangles. The hole can move either 
without disturbing the orbital order (b), or by creating orbital excitations (c). 



3.3 Orbital-charge coupling, orbital polarons 



We turn now to doping effects in manganites and first discuss the low doping 
regime. A doped hole in the Mott insulator strongly interacts with a variety of 
low-energy degrees of freedom, which leads to polaronic effects. In a pure spin- 
charge t—J model, as are used for the cuprates, a hole breaks the spin bonds, and 
more importantly, frustrates spin order when it hops around. In manganites, the 
presence of orbital degeneracy brings about new degrees of freedom that control 
the dynamics of holes. As is discussed in detail in Ref.[51, 52], there are in 
general two channels of orbital-charge coupling. The first one, that acts via the 
electron-transfer term of the orbital t — J Hamiltonian [70], is very similar to the 
spin-charge coupling mentioned above. This interaction of holes with orbital 
degrees of freedom changes the character of the hole motion: the scattering on 
orbital excitations leads to a suppression of the coherent quasiparticle weight 
dq'. [ 51 ] 



dq — \ 






V27 r 2 



'T 



forJ > t , 



( 6 . 12 ) 



forJ <C t. 



In the limit J/t — > oo a coherent hole motion with Qq — 1 is recovered. In 
contrast to the spin t — J problem in cuprates, the hole mobility in this limit is 
still possible due to the presence a small but finite non-diagonal hopping matrix 
elements which do not conserve orbital pseudospin, see Fig 6.8. Therefore the 
“string” effect [71] that occurs in the spin model, is less severe in the orbital 
t — J model. In the opposite limit J/t — * 0, however, the holon quasiparticle 
weight is completely lost, which indicates a strong scattering of holes on orbital 
fluctuations, and the excitation spectrum of a doped hole shows only a broad 
continuum in a momentum space. On general grounds, it is also expected that 
mobile holes will fill in the orbiton gap, and will eventually destroy orbital order 
in a similar way as they melt spin order in cuprates. 

It turns out, however, that the spatial anisotropy of ^-orbitals provides yet 
another, very important channel of orbital-charge coupling which is very spe- 
cific to the case of manganites. Notice that, different from the cuprates, holes 
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Figure 6.9. Polarization of e n -levels on sites next to a hole [51]: Bond stretching phonons and 
Coulomb interaction induce a splitting of energy A = A ph + A ch . Here the sphere indicates 
the location of a hole (Mn 4+ -ion) adjacent to a Mn 3+ -ion. 



remain localized up to rather high doping levels, and at the same time induce 
an isotropic ferromagnetic state. The complete breakdown of metalicity at hole 
concentrations below x crit ^ 0.15 - 0.2 occurs despite the fact that ferromag- 
netism is fully sustained, and is sometimes even stronger, in this regime [ 1 2, 72], 
which seems very surprising from the point of view a standard double-exchange 
picture. To explain this puzzle, the concept of orbital polarons was introduced 
in Ref. [51] and used for the low-doped manganites in [34, 35]. We discussed 
the orbital polaron concept in Section 2.1 for the purpose of describing pos- 
sible orbital and charge ordering at fractional dopant concentrations, in the low 
doping regime. Here we treat this topic on a somewhat more theoretical level, 
also because orbital polaron formation can be viewed as a precursor for the or- 
bital liquid state -these are competing states- that can occur in optimally doped 
manganites, which we discuss in the following Section. 

The important point is that in an orbitally degenerate Mott-Hubbard system 
there also exists a specific coupling between holes and orbitals that stems from 
the polarization of e^-orbitals in the neighborhood of a hole. In this way the 
cubic symmetry at manganese ions close to the hole is lifted, see Fig. 6.9. 
The displacement of oxygen ions, the Coulomb force exerted by the positively 
charged hole and hybridization of electrons cause a splitting of orbital levels. 
This splitting is comparable in magnitude to the kinetic energy of holes so that 
the orbital-hole binding energy can be large enough for holes and surrounding 
orbitals to form a bound state. For a given bond along the 2 direction the 
interaction reads as H z = This is precisely the new orbital-charge 

coupling channel which is of course absent in pure spin-charge models. The 
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Figure 6. 10. Orbital polaron in the strong-coupling limit: Six e g - states point towards a central 
hole [51]. 

splitting of e^-levels effects all six sites surrounding a hole, and the analogous 
expressions for x and y directions can easily be derived by a rotation of the 
interaction Hamiltonian in orbital space. The complete orbital-charge coupling 
Hamiltonian for the cubic system is then 

tfch-orb = - A J2 n i T j j) > (6- 1 3) 

fo‘>7 

with orbital pseudospin operators given by Eq. (6.9). The interactions in 
Hamiltonian (6.13) describe the tendency of the system to form orbital po- 
larons. For low enough hole concentrations the polaron consist of a bound state 
between a central hole with surrounding ^-orbitals pointing towards the hole 
as is shown in Fig. 6.10. 

The structure of the orbital polaron yields a large amplitude of virtual ex- 
cursions of e^-electrons onto the empty site. Thus, besides minimizing the 
interaction energy of Hamiltonian (6.13), the polaron also allows for a lower 
kinetic energy. We note that these virtual hopping processes locally enhance the 
magnetic moments of core and e^-spins via the double-exchange mechanism 
in all three directions and provide a large effective spin of the orbital polaron. 
This naturally explains the development of ferromagnetic clusters experiment- 
ally observed at temperatures above Tq at low doping levels [73]. At finite hole 
densities these clusters start to interact, thereby inducing a global ferromagnetic 
state. Clearly, the orbital state of such a ferromagnetic insulator must be very 




Orbital effects in manganites 



285 



complex due to the presence of frozen-in orbital polarons. The relevant model 
must contain the interactions given by both Eqs. (6.13) and (6.10) in a first 
step, and further be complemented by, at least, the Coulomb forces between 
holes. It was suggested [51] that a such state may have orbital/Jahn-Teller glass 
features, which reduces the long-range component of static Jahn-Teller distor- 
tions. The orbital excitations are expected therefore to have a large broadening 
in a momentum space. These issues clearly deserve more theoretical work, 
particularly in the perspective of recent experimental results on the observation 
of orbital excitations in manganites [47], which hopefully can be extended to 
the lightly doped ferromagnetic insulator regime. 

The formation of orbital polarons competes with the kinetic energy of holes 
that tends to delocalize the charge carriers, but also competes with the fluctuation 
rate oc xt of orbitals: the faster the orbitals fluctuate, the less favorable it is to 
form a bound state in which orbitals have to give up part of their fluctuation 
energy. In other words, the binding energy of the polaron decreases at higher 
doping levels. When this orbital polaron picture is combined with that of 
conventional lattice polarons [74, 75], the transition from ferromagnetic metal 
to ferromagnetic insulator can be well explained [51]. 

Once the orbital polaron is formed it will be trapped by even a weak disorder. 
Near commensurate fillings, say about 1/8, they may form a polaron superlattice, 
optimizing simultaneously the charge and orbital configuration energies, as we 
discussed in section 2.1. Commensuration through phase separation -which is 
certainly relevant in manganites [76]- is also possible, but we will not review 
this complex issue here. 

3.4 Orbital liquids, anomalous transport 

An almost universal feature of manganites is that at higher doping concentra- 
tions (around x « 1/3) a ferromagnetic metallic state emerges. In this section 
we discuss the orbital state and orbital fluctuations in this regime. The appear- 
ance of a ferromagnetic metallic state is explained in a framework of double 
exchange physics [13, 77, 78, 79]. But if one takes the double exchange model 
as the starting point to explain the properties of the metallic state, it is quite 
surprising that in experiment one finds that the ^-electrons do not behave as 
conventional spin-polarized carriers in a uniform ferromagnetic phase at all. 
For such carriers one expects that optical spectral weight is accumulated into 
a low-frequency Drude peak, but the weight of optical spectra in manganites 
robustly extends up to ~ leV, even at very low temperatures [80]. 

This experimental finding is remarkable for at least two reasons. First, the en- 
ergy scale extends to the electron-volt range, which rules out a purely phononic 
origin of the incoherence; and second, the incoherent spectral weight is very 
large in magnitude, even at low temperatures. 
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Other experimental studies show that collective as well as local lattice dis- 
tortions are absent in metallic manganites at low temperature, which may be 
an indication that orbital fluctuations are strong. Based upon this observation, 
several authors [38, 81] attributed the incoherent structure of the optical con- 
ductivity to the orbital degrees of freedom. While the study [81] is based on 
a simple band picture, a more elaborate treatment of both orbital degeneracy 
and on-site correlations was suggested in Ref. [38]. In this work the notion of 
an orbital liquid, which describes a quantum disordered state of %-quadrupole 
moments in metallic manganites, was introduced. Such quantum disorder of or- 
bitals is caused by the motion of holes which mixes up dynamically all possible 
orbital configurations. 

At first glance this idea seems to be very similar to the concept of the moving 
holes that cause spin disorder in cuprates. There are two differences, however. 
The first one is that in a ferromagnetic system the orbital superexchange inter- 
actions are rather frustrated from the very beginning and this actually favors the 
orbital liquid, as we discussed previously. The effective two-dimensionality of 
the pseudospin fluctuations is, in fact, emphasized in [38] as an important dis- 
order mechanism. While indeed enhancing quantum effects, this effect alone 
would still not be sufficient to destroy the pseudospin order, as one can see from 
the behavior of orbital models discussed above. Rather, it acts cooperatively 
with the frustrations induced by charge motion. The second, and most import- 
ant, difference from cuprates is the strong tendency for holes in manganites to 
localize and form orbital/lattice polarons. It is the restricted charge mobility 
that confines the orbital liquid metallic state of manganites to a rather small 
region of the phase diagram. 

The optical conductivity in the metallic phase of manganites has been cal- 
culated in Ref. [82], taking the idea of an orbital liquid as a starting point. 
The strongly correlated nature of the ^-electrons in the metallic system can 
conveniently be accounted for by employing a slave-boson representation of 
electron operators: 

b' 

Here the orbital pseudospin is carried by fermionic orbitons j£ a , and charge by 
bosonic holons fy. In comparison with other treatments of the orbital t — J 
model [38, 70], this representation is most adapted to describe the correlated 
Fermi-liquid state of manganites since it naturally captures both the coherent 
and incoherent features of excitations. The small Drude peak as well as a 
broad optical absorption spectrum, that extends up to the bare bandwidth, are 
well reproduced by these calculations. The physical picture is that the charge 
carriers scatter strongly on the dynamical disorder caused by the fluctuations 
of orbital bonds that are due to the correlated rotation of orbitals. The fact that 
the anomalous transport properties in the ferromagnetic metallic phase can be 
described consistently, supports the validity of the orbital-liquid framework. 
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3.5 Fluctuating bonds, magnon anomalies 

Finally, we discuss one more interesting manifestation of the orbital fluc- 
tuations in ferromagnetic metallic manganites. According to the conventional 
theory of double exchange, the spin dynamics of the ferromagnetic state is 
expected to be of nearest-neighbor Heisenberg type with a simple cosine-like 
magnon dispersion [83]. This picture seems indeed to be reasonably accurate 
for manganese oxides with high Curie temperature Tc , i.e., for compounds 
with a ferromagnetic metallic phase that is sustained up to rather high tem- 
peratures [84]. Recent experimental studies on compounds with low values of 
Tc indicate, however, marked deviations from this canonical behavior. Quite 
prominent in this respect are measurements of the spin dynamics of the ferro- 
magnetic manganese oxide Pro. 63 Sro. 37 MnC >3 [85]. While the spin excitation 
spectra exhibit conventional Heisenberg behavior at small momenta, the dis- 
persion of magnetic excitations (magnons) shows a curious softening at the 
boundary of the Brillouin zone in the [1,0,0] and [1,1,0] direction but not in 
the [1,1,1] direction. The origin of this unusual softening has been attributed in 
Ref. [86] to the low-energy orbital fluctuations present in “narrow-band” man- 
ganites. Let us briefly explain the basic idea. The strength of the ferromagnetic 
interaction at a given bond strongly depends on the orbital state of ^-electrons 
(see Fig. 6. 1 1). Along the z direction, for instance, only electrons in d^ z 2_ r 2 or- 
bitals can hop between sites and hence can participate in the double-exchange 
processes, but the transfer of <4 2 -?/ 2 electrons is blocked due to the vanish- 
ing overlap with 0-2 p orbitals located in-between two neighboring Mn sites. 
Temporal fluctuations of e^-orbitals may thus modulate the magnetic exchange 
bonds, thereby renormalizing the magnon dispersion. Actually, such an effect 
is a quite general property of orbitally degenerate systems; the same kind of 
zone-boundary softening has been predicted in the insulating Kugel-Khomskii 
model as well [45, 58, 87]. 

Short-wavelength magnons are most sensitive to these local fluctuations and 
are affected most strongly. Quantitatively the modulation of exchange bonds is 
controlled by the characteristic time scale of orbital fluctuations: if the typical 
frequency of orbital fluctuations is higher than the timescale for spin fluctu- 
ations, the magnon spectrum remains mostly unrenormalized. In this case the 
orbital state effectively enters the spin dynamics only as a time average, which 
restores the cubic symmetry of exchange bonds. On the other hand, if orbitals 
fluctuate slower than spins, then the renormalization of the magnon spectrum 
is most pronounced and the anisotropy imposed upon the magnetic exchange 
bonds by the orbital degree of freedom comes into play. Also a damping of 
magnons is then expected to occur, which may explain the large broadening of 
magnons at the zone boundary. 
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Figure 6.11. The e a -electron transfer amplitude, which controls the double-exchange inter- 
action Jde, strongly depends on the orbital orientation: along the z direction, e.g., d^-r 2 
electrons (left) can hop into empty sites denoted by a sphere, while the transfer of d x 2_ y 2 
electrons (right) is forbidden [86]. 



We note that the magnons in [1, 1, 1] direction are sensitive to all three spatial 
directions of the exchange bonds; their dispersion therefore remains unaffected 
by the local dynamical symmetry breaking induced by low-dimensional or- 
bital correlations. This leads to a strong anisotropy of magnon renormalization 
effects in a momentum space: the [1,0,0], [1, 1,0] directions are mostly af- 
fected, which is actually in agreement with experiment [85]. The momentum 
and energy dependence of magnon anomalies are in general very sensitive to 
the character of local orbital correlations, and may therefore change with the 
evolution of underlying orbital states. In other words, if the [0,0,1] magnon 
mode softens to zero at the zone boundary, than this would signal the transition 
from ferromagnetic to the A-type antiferromagnetic spin ordering. 

The unusual magnon dispersion experimentally observed in low-2c man- 
ganites can hence be understood as a precursor effect of orbital/lattice ordering. 
While the softening of magnons at the zone boundary is responsible for reducing 
the value of Tcs the small-momentum spin dynamics that enters the spin- wave 
stiffness D remains essentially unaffected. This explains the enhancement of 
the ratio D/Tc observed in low-T^ compounds [88]. 

3.6 Summarizing remarks 

We can state in general that quantum fluctuations of orbital degrees of free- 
dom in manganites are important and have to be taken into account in the 
explanation of various properties of these systems. Despite (or even due to) the 
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absence of the rotational symmetry in the orbital sector, profound non-classical 
behavior of orbitals can be caused by the frustrating nature of interactions in 
the orbital sector and by the strong coupling of orbitals to doped holes. 

We did not discuss the consequences of electron-phonon coupling on the or- 
bital liquid state, so the question arises how phonons would change the physics 
that we discussed in this section. Breathing phonons, which are certainly im- 
portant for a charge localization, are actually implemented in the above picture 
through the interaction in Eq. (6.13). In general we expect that the coupling 
of the orbitals to Jahn-Teller phonons cooperates with the superexchange pro- 
cess in establishing orbital order and local orbital correlations. However, the 
fact that Jahn-Teller phonon frequencies may fall into the region of electronic 
orbiton energies makes the problem very difficult to analyze, particularly at the 
proximity to the insulator-metal transition (which is, simultaneously, an orbital 
solid-liquid transition) in the phase diagram of manganites. 

4. Orbital order for x > 1/2 

In the phase diagram of the manganites (Fig. 6.1) there is an apparent asym- 
metry between the case x < 1/2 and the case x > 1/2. At lower doping levels 
ferromagnetic states dominate, one of which is metallic, and for high dop- 
ing concentrations antiferromagnetic insulating phases dominate. Exactly at 
x = 1/2 for most manganites a rather remarkable antiferromagnetic (CE-type) 
charge-ordered insulating state is usually realized. In section 4.2 we discuss 
the properties of manganites at high doping levels and why they are so differ- 
ent from the systems with less doped carriers. In the next section we describe 
the situation at half filling and discuss the actual mechanism that leads to the 
CE-type (charge, orbital and magnetic) ordering in half-doped manganites. 

4.1 Half-doped manganites 

The half-doped manganites with x — 1/2 are very particular. Magnetic- 
ally these systems form ferromagnetic zig-zag chains that are coupled antifer- 
romagnetically (see Fig. 6.3 and Fig. 6.12) at low temperatures, the so-called 
magnetic CE-phase [8]. The ground state is, moreover, an orbitally ordered and 
charge-ordered insulator. This behavior is generic and is experimentally ob- 
served in Nd^Sr^MnOa [89, 90], Pr^Ca^MnC^ [91], La^Ca^MnO^ 
[92, 93], Nd 1 / 2 Ca 1 / 2 Mn 03 [94] and in the half-doped layered manganite 
La 1 / 2 Sr 3 / 2 Mn 04 [95]. The insulating charge-ordered state can be transformed 
into a metallic FM state by application of an external magnetic field, a transition 
that is accompanied by a change in resistivity of several orders of magnitude 
[89, 96]. 

The extraordinary properties of the half-doped manganites are due to the 
commensurability of the doping level. The disorder caused by orbital fluctu- 
ations can be quenched by magnetic, lattice and charge instabilities that are 
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Figure 6.12. Detailed view of the CE-phase in the x-y plane. We choose our basis orbitals 
such that the gray lobes of the shown orbitals have a negative sign. The dots at the bridge-sites 
represent a charge-surplus. 



2 2 
-~x-y 


0 2 2 
3x -T 


O 3z 2 -r 2 


„ 2 2 
3y -r 




0 rc/4 71/2 

~> k 



Figure 6.13. Left: Topology of the interactions in a zig-zag chain, where Zi = t/2, = 

£\/3/2, and U is the Coulomb interaction between electrons on the same site. Right: electron 
dispersion in the zig-zag chain of the CE-phase for U = 0 (solid lines) and electron dispersion 
in a straight chain, as in C-phase (dashed lines). 

most pronounced at this commensurate filling. The combining effect of these 
three instabilities leads to an effectively one-dimensional insulating state, to the 
charge ordering and to the unusual magnetic ordering in these systems. 

In the double-exchange framework electrons can only hop between sites with 
FM aligned core-spins so that in the CE-phase only hopping processes within the 
zig-zag chains are possible, rendering the system effectively one-dimensional 
for low-energy charge fluctuations [97, 98]. The unit cell of the quasi- ID 






Orbital effects in manganites 



291 



system contains two Mn atoms, one situated at a comer site and one situated at 
a bridge-site, between two comers. As there are two orbitals per site, the cell 
has in total four different orbitals, and at half doping we have on average one 
electron per unit cell. The topology of the electron hopping integrals between 
orbitals is shown in Fig. 6. 13. The important observation is that an electron that 
hops from one bridge-site to another bridge-site via a \o? — y 2 ) comer-orbital 
obtains a phase-factor —1, while if the hopping takes place via a |3 £ — r 2 ) 
comer-orbital, the phase-factor is +1. This phase factor can be viewed as an 
effective dimerization that splits the four bands. These bands are shown in 
Fig. 6.13, where there are two bands with energy e± = ±tyj 2 + cos /c, where 
k is the wave vector, and two degenerate dispersionless bands at zero energy. 
At x = \ the e_ band is fully occupied, and all other bands are empty. The 
system is insulating as the occupied and empty bands are split by a gap A — t 
and the minority bands with spin opposite to the ferromagnetic orientation of 
the chain (not shown) are about Jh higher in energy ( Jh is the Hund’s rule 
exchange energy). The gap is very robust as it is a consequence of the staggered 
phase-factor that itself is fully determined by the topology of the system. In 
principle other quasi ID magnetic states, e.g. antiferromagnetically coupled 
ferromagnetic straight chains, are also possible; they would correspond to a 
state with all orbitals of the Mn-sites e.g. of the — r 2 type, instead of 
alternating 3x 2 — r 2 and 3 y 2 — r 2 orbitals. But the presence of a gap stabilizes 
the CE-phase. This mechanism is equivalent to the situation in the lattice- 
Peierls problem, where the opening of a gap stabilizes a ground state with a 
lattice deformation. An extra reason for the stability of this phase maybe be the 
elastic interactions [27, 28]. We see the importance of the commensurability: 
for x > 1/2 the excess holes deplete the valence band, reducing the effect of 
the energy gain due to the gap. One expects that in this case other magnetic 
phases, that do not support such a gap, compete strongly with the CE-phase. 
If on the other hand x < 1/2, the excess electrons will enter in non-dispersive 
bands and would not contribute to the kinetic energy of the system and would 
thereby effectively destabilize the CE-phase. In fact it was argued that in this 
case the system is phase separated [98, 99, 100]. This agrees with the fact that 
the CE-phase survives in Pri_ x Ca x Mn 03 to x = 0.3. 

But why should the system organize itself into a quasi one-dimensional state 
in the first place? It is rather obvious that in a three-dimensional state, where 
there is much more freedom for an electron to move around, the kinetic energy 
would be lower. The answer is that in the manganites there are two competing 
magnetic interactions: the double exchange, favoring ferromagnetism, and the 
superexchange, that is a driving force for antiferromagnetism. The system 
can gain energy from both interactions simultaneously when in some direction 
antiferro. bonds are formed, and in other directions ferro. bonds. Electrons can 
then only propagate along ferromagnetic bonds because of the double exchange. 
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This mechanism is especially effective for systems with ^-orbitals and is in 
fact quite common in the highly doped manganites -we will discuss this in 
the next section. The situation reminds us of the order from disorder scenario 
in spin-orbital models discussed in section 3.1: by forming different kinds of 
bonds -which is quite natural for spatially strongly anisotropic ^-orbitals- the 
system gains energy. 

In the CE-phase only the elongated orbitals at the bridge site (the 3a 2 — r 2 
and 3 y 2 — r 2 ones) are occupied (see Fig. 6.12). The reason is that because of 
the symmetry the orthogonal, planar orbitals on the bridge sites do not have any 
overlap with orbitals at the comer sites and in first approximation do not interact 
with the rest of the system. On the comer sites both orbitals are in principle 
partially occupied. The different orbital occupation on bridge and comer site 
-the orbital order- causes a lattice deformation via the Jahn-Teller coupling, 
thereby lowering the energy of the system still further. 

Let us now discuss the consequences of electron-electron interactions at 
half filling. In principle one expect that short range electronic density-density 
interactions, that lead to the Mott insulator at zero doping, have less impact on 
physical properties when doping is increased, simply because the density of 
electrons becomes smaller and the electrons do not encounter each other very 
often. 

As we pointed out above, the CE-phase is orbitally ordered, but charge is 
homogeneously distributed between comer and bridge sites if Coulomb inter- 
actions are neglected. It is well known that longer-range Coulomb interactions 
(for instance a nearest neighbor interaction) can cause charge ordering, espe- 
cially at commensurate filling. A surprising observation, however, is that the 
experimentally observed charge order can be directly obtained from the degen- 
erate double-exchange model when only the Coulomb interaction (the Hubbard 
U) between electrons in different orbitals, but on the same site is included [98]. 
This can be understood from the fact that in the band picture on the comer sites 
both orthogonal orbitals are partially occupied, but on the bridge sites only one 
orbital is partially filled. The on-site Coulomb interaction acts therefore differ- 
ently on the comer and bridge sites: charge is pushed away from the effectively 
correlated comer sites to the effectively uncorrelated bridge-sites. 

The on-site Hubbard U thus leads to intersite charge disproportionation. 
Long-range Coulomb interactions will of course strengthen this charge ordering, 
and the Jahn-Teller distortion, which lowers the on-site energy of the bridge 
orbital with respect to the comers, also contributes to the ordering. Whereas 
the effect of U is to increase the ground state energy with respect to the C- 
phase [101] (which is made up of straight ferromagnetic chains), the longer- 
range Coulomb interactions will stabilize the CE-phase. This indicates that 
there are several competing kinetic, potential and lattice contributions to the 
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total energy and that one needs to consider these in detail to determine the 
actual phase diagram [102]. 

4.2 Overdoped manganites 

Now we qualitatively discuss the role of orbital degrees of freedom in the 
overdoped regime, x > 0.5. The main question is why the conventional double 
exchange, apparently responsible for the formation of the ferromagnetic metal- 
lic state for x ~ 0.3 - 0.4, does not lead to such a state in this case. 

One reason may be the following. Usually we ascribe ferromagnetism in 
doped systems to a tendency to gain kinetic energy by maximal delocalization 
of doped charge carriers. These carriers are holes in lightly doped manganites 
x « 0 , and electrons when we start e.g. from CaMnC >3 and substitute part of 
Ca by La or other rare earths, which corresponds to x ^ 1 in Lat_ x Ca x Mn 03 . 

There exist an important difference between these two cases, however. When 
we dope LaMnOa, the orbital degeneracy in the ground state is already lifted 
by orbital ordering, and in a first approximation we can consider the motion 
of doped holes in a nondegenerate band. Then all the standard treatment, 
e.g. that of de Gennes [13], applies, and we get the FM state. However, 
when we start from the cubic CaMn 03 , we put extra electrons into empty 
degenerate e^-levels, which form degenerate bands. Therefore we have to 
generalize the conventional double-exchange model to the case of degenerate 
bands. This was done in [18], and the outcome is the following: at relatively 
low electron concentration (x ~ 1) the anisotropic magnetic structures -C-type 
(chain-like) or A-type (ferromagnetic planes stacked antiferromagnetically)- 
are stabilized, and only close to x ~ 0.5 we reach the ferromagnetic state. 
The C-phase occupies larger part of the phase space. The resulting theoretical 
phase diagram [18] is in surprisingly good agreement with the properties of 
Ndi-^Sr^ MnC >3 [103] in which there exist the A-type “bad metal” phase for 
0.52 < x < 0.65 and C-phase for x > 0.65. 

A simple qualitative explanation of this tendency is the following. When 
we start from CaMnOs with Mn 4+ (t^)-ions and dope it by electrons, we put 
electrons into e^-bands. The maximum energy we can gain is to put these 
electrons at the bottom of corresponding bands, so that one has to make these 
bands as broad as possible. But due to a specific character of the overlap of 
different e g -orbitals in different directions, the bottom of the bands coincides 
for different types of orbitals: one can easily check that if we make all the 
orbitals e.g. 3 z 2 - r 2 , the energy e(k) at the T-point k = 0 will be the same as 
for the bands made of (x 2 — ?/ 2 )-orbitals. (Actually it is a consequence of the 
degeneracy of e g -orbitals in cubic crystals: the symmetry at the T-point should 
coincide with the point symmetry of local orbitals, i.e. at k = 0 the energies of 
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the 3 z 2 — r 2 -band and of the (x 2 — y 2 ) one, or of a band made of any linear 
combinations thereof of the type (1), should coincide.) 

But according to the double-exchange model electrons can move only if 
localized moments (^-spins) of the corresponding sites are ordered ferromag- 
netically (although without doping, in CaMnCb (x — 1), the magnetic ordering 
is antiferromagnetic (G-type)). Now, if we make the band e.g. out of (a? — y 2 )- 
orbitals, the band dispersion would have the form 

e(k) = —2t(cosk x + cos k y ) (6.14) 

i.e. the electrons in this band move only in the xy- plane, but there is no dispersion 
in the ^-direction. Therefore to gain full kinetic energy it is enough to make 
this plane ferromagnetic, and the adjacent planes may well remain antiparallel 
to the first one. But this is just the A-type magnetic structure (ferromagnetic 
planes stacked antiferromagnetically). In this state we gain the same energy as 
in a fully ferromagnetic state (because the position of the bottom of the band is 
the same), but lose less exchange energy of localized ^-electrons, because two 
out of six bonds for each Mn are still antiferromagnetic. The same applies also 
to the C-type ordering, where four out of six bonds are antiferromagnetic. This 
explains why in the case of double exchange via degenerate orbitals -realized 
in overdoped manganites- predominantly these partly ferromagnetic (A-type 
and C-type) occur instead of full ferromagnetic ordering. 

Note that in this case the electron occupy predominantly (a? — y 2 ) -states 
(or 3z 2 — restates in case of C-type ordering). Accordingly there will be a 
corresponding lattice distortion (compression along c-axis, c/a < 1, for the 
A-type structure, and c/a > 1 for the C-type one). But we want to stress 
that these are, strictly speaking, not the localized orbitals, but rather the bands 
of corresponding character. Whether we should call it orbital ordering, is a 
matter of convention (usually this terminology is applied to the case of localized 
orbitals). In any case, the feature mentioned above ([22, 23]), that due to higher- 
order effects, in particular lattice anharmonicity, only locally elongated MeQ- 
octahedra are observed in practice, is valid only for orbital ordering of localized 
orbitals, and it is in general not true for the band situation considered here. 

Thus the double exchange via degenerate orbitals may quite naturally lead 
to anisotropic magnetic structures (A-type or C-type): we gain by that the full 
kinetic energy without being forced to sacrifice all the exchange interaction 
of localized electrons (part of the bonds remain antiferromagnetic). Which 
particular state will be stable at which part of the phase diagram, is determined 
by the competition between these terms, kinetic energy versus exchange energy, 
with the electron energy depending on the band filling and sensitive to the 
density of states for the corresponding band. 

There are several factors which can complicate this picture. One may in 
principle get canted states, and not the fully saturated A- or C-type struc- 
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Figure 6.14. Left: single stripes (“Wigner crystal”). Right: paired stripes, or bistripes in 
Lai-xCa^MnOa for x=l Mn 4+ ions denoted by O and Mn 3+ ions by 8, oo. 



tures [18, 104]. There may also appear inhomogeneous phase- separated states. 
The possibility of the charge ordering (e.g. in the form of stripes) was also 
not considered in [18]. But altogether it shows that the conventional double- 
exchange picture should be modified if double-exchange goes via degenerate 
orbitals, and the overall tendency which results due to this is that not the simple 
ferromagnetic state, but more complicated magnetic structures may be stabil- 
ized, which agrees with the general tendency observed in experiment. This 
factor may be important in explaining the strong qualitative asymmetry of the 
phase diagram of manganites for x < 0.5 (underdoped) and x > 0.5 (over- 
doped) regimes. 

It is very interesting that stripes (and possibly bistripes) were observed in 
overdoped manganites [14, 15], notably in Lai_ x Ca x Mn 03 for x — | and 
x = |. Orbital degrees of freedom seem to play an important role in their 
formation as well. The structure of the stripe and bistripe phases, see Fig. 6.14, 
resembles somewhat that of the CE-phase at x — 1/2. 

The physical mechanism of the stripe formation in manganites could in prin- 
ciple be similar to that involved in the cuprates [105], i.e. coupling between 
charge and spin degrees of freedom. In manganites, however, stripes are usu- 
ally formed at temperatures above those of magnetic ordering. As we see from 
Fig. 6.14, stripes in this case also imply a specific orbital ordering. We may 
think that orbital degrees of freedom and the corresponding lattice distortions 
strongly contribute to the very formation of stripes. One can indeed show that 
the states with a particular orbital orientation attract another, which can provide 
a mechanism for stripe formation [28]. As a result, depending on the values 
of parameters, both the single and paired stripe phases may be stabilized in 
overdoped manganites due to this effect [27] that heavily relies on the presence 
of orbital degrees of freedom. 
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5. Conclusions 

In conclusion we can only repeat that orbital effects play a very important 
role in the physics of manganites, and also in many other transition metal oxides. 
Together with charge and spin degrees of freedom they determine all the rich 
variety of the properties of manganites in different doping regions. Orbital 
effects also play a very important role in disordered phases, determining to a 
large extent their transport and other properties. 

An important recent achievement in this field is the development of a method 
to directly study orbital ordering using resonant X-ray scattering [106]. This 
method was successfully applied to a number of problems in manganites [12, 
10, 107, 108] as well as to several other systems. And although there is still 
a controversy as to the detailed microscopic explanation of these observa- 
tions [109, 110, 111, 112], this method will be definitely of great use in the 
future. 

Another interesting new development is the observation of orbital excitations 
in LaMnC> 3 . And although many questions here still remain unclear, the recent 
experimental progress will definitely open a new chapter in the study of orbital 
effects in oxides, in particular in manganites. 

In our review we left out several effects for which orbital degrees of freedom 
also may play an important role, e.g. phase separation [113] or short-range 
correlations above the ferromagnetic ordering temperature [114, 115, 116]. All 
these problems are now under active investigation, and the results will definit- 
ively shed new light on the physics of manganites, including the phenomenon of 
colossal magneto-resistance. In summary, we see that the field of orbital physics 
is still capable of producing important new results, and sometimes -surprises. 
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Abstract I review the theoretical investigation of the magnetic excitations in the double 
exchange model. 
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1. Introduction 

Since distinguished works by Zener [1] and by Anderson and Hasegawa [2] 
in 1950’s, the mechanism for the ferromagnetism of perovskite-type manganites 
AMnC >3 has been understood to be due to the double exchange (DE) interactions. 
Transport properties of the DE model have also been calculated [3]-[6], which 
show magnetoresistance phenomena. However, it is also discussed that Zener’s 
original model is too simplified to explain every details of manganites. 

After the discovery of the colossal magnetoresistance (CMR) in these com- 
pounds, it has been emphasized that magnetic as well as transport properties 
of manganites are strongly affected by charge, orbital and lattice degrees of 
freedoms [7, 8]. In various compositions of manganites, phase transitions 
with combinations of magnetic, charge and orbital-lattice order parameters take 
place, which in many cases are accompanied by metal-insulator transitions. It 
has been clarified that large changes in resistivity by controlling magnetic field, 
temperature, or even pressure, exist at the phase boundaries of the ferromag- 
netic metal phases and charge-ordered insulating phases. Therefore, among 
various phases, it is important to investigate the microscopic natures of the fer- 
romagnetic metallic phases and its destabilization toward phase boundaries, in 
order to understand the CMR phenomena. 
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In this sense, it is necessary to investigate to what extent the DE model really 
accounts for the magnetism and the transport properties of these compounds, 
and what kind of microscopic phenomena beyond Zener’s model are really 
essential to explain the physics of manganites in the vicinity of these phase 
boundaries. In other words, it is now time to examine whether there exists an 
mechanism which exclusively explain the details of the manganites, or whether 
several phenomena in combination create the complex behaviors in manganites. 
We have to clarify what is essential, and what others are just details acting as 
an impediment for the understanding of the true physics. 

Let us restrict ourselves to the ferromagnetism of manganites. The point 
of interest is to reexamine the origin of the ferromagnetism and investigate 
the mechanisms of its destabilization. For this purpose, results by theoretical 
models have to be compared with those of recent experimental data based on 
modem measurement and sample preparing techniques. One of the experi- 
mental approaches to study the nature of the ferromagnetism is the neutron 
inelastic scattering measurement which observes the spin excitation spectrum. 

For various compositions of manganites, neutron inelastic scattering exper- 
iments have been performed [9]-[21]. As the ferromagnetism is destabilized 
toward the charge-ordered phases, anomalous behaviors have been observed. 
Therefore, it is important to study the properties of the ferromagnetism as well 
as its change upon the destabilization as probes to investigate the microscopic 
nature in manganites. 

The purpose of this article is to study the magnetic excitations of the simple 
DE model as well as the models with realistic extensions, and compare with 
experiments. We try to analyze the magnetic excitation as a probe to investigate 
the electronic states of these compounds. In this article, we introduce the double 
exchange model and investigate the magnetic excitation in Sec. 2. Section 3 
is devoted for the case where other degrees of freedom essentially modifies the 
spinwave spectrum. Finally in Sec. 4 we give concluding remarks. 

2. Magnetic Excitations for a Simple Double Exchange 
Model 

2.1 Model 

2.1.1 Zener’s DE model. In perovskite-type manganites, there exist 
two species of electrons which contribute to the low energy physics. Mn 
electrons form the localized spins with high-spin states S = 3/2, while itinerant 
electrons occupy the Mn eg bands. 
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As a simple model which captures the basic physics of manganites, Zener 
[1] introduced the DE model as 

'H — — Uj ( c ia c jcr + h.C.^j — ^2 Si * (7.1) 

zj,cr i 

Here represent annihilation operators for eg itinerant electrons, whose spin 

is represented by the Pauli matrices (<r x , cr y ,a z ) in the form &i = c\ s a ss >Ci s ' . Si 
represent localized spins, with = |*S|. Uj is the electron transfer energy 
between i-th and j-th site, while Jh is the on-site Hund’s coupling between 
itinerant electrons and localized spins. We consider the case Jr Uj- Note 
that we choose the normalization of localized spins and electron spins in such 
a form that the spectrum is bounded in the limit S — > oc. 

Zener discussed that, in order to gain maximum kinetic energy, the localized 
spins Si must align in a parallel way, i.e., the ground state is ferromagnetic. 
Since conduction electrons are perfectly spin-polarized in this case, the state is 
called half-metal. 

2.1.2 Effective model by Anderson and Hasegawa. Let us consider 
the limit of large Hund’s-rule coupling Jr — ► oc. As for the on-site interaction, 
we have 

Hi = - J fS l -e l . (7.2) 

In the classical spin (S — > oc) limit, the role of Si is to create an effective 
magnetic field H e $ || S', which causes the Zeeman splitting. There exist two 
quantum states on this site, namely electron states with spins parallel and anti- 
parallel to Si. The low energy state has the spin parallel toS, whereas the high 
energy state has the antiparallel spin whose energy is 2Jr higher than the low 
energy state. Therefore, in the limit Jh — > oc, the antiparallel state is ener- 
getically projected out in the ground state as well as in low energy excitation 
states. 

Let us consider an electron hopping from site i to site j, in the general case of 
Si / Sj. The initial electron state has a spin parallel to Si . When the electron 
hops to site j, the electron state can be represented as a linear combination 
of states with spin parallel and antiparallel to Sj. Due to the projection at 
Jh — > oc, only the spin parallel state remains as the final state. This means that 
the effective matrix element of electron transfer is reduced. 

In order to describe the system with spin projections discussed above, it is 
easier to introduce a “spinless” fermion on each site which actually represents 
a spin parallel state. This is realized by taking a local spin quantization axis for 
each conduction electron to be parallel to the localized spin on the same site. 




306 



COLOSSAL MAGNETORESISTIVE MANGANITES 



An effective model is introduced by Anderson and Hasegawa [2] in the form 

n = ~Yl *0' /(£, Sj) c\ Cj + h.c. , (7.3) 

ij 

where the hopping factor / is defined by 

f(Si, Sj) = cos ^ cos y + sin ^ sin . (7.4) 

Here Oi and fa represent orientation angles of the localized spin S'* in the forms 

Sf = S sin 6i cos fa , Sf = S sin sin fa, Sf = S' cos 0^. (7.5) 

In some cases, for the purpose of explaining the physics of the DE model in 
a brief form, a model with absolute values of the hopping matrix elements is 
considered. Namely, we have 

n' = - J2 Uj I /(St, Sj ) I c\ C j + h.c. (7.6) 

ij 

where 

I /(4 5,)| = cos 9 f = (7.7) 

and Oij are the relative angles between fa and Sj. The functional form of |/| 
gives us a simple picture for the electron hoppings. When localized spins at 
sites i and j are parallel (fa = Sj), |/| and hence the electron hopping rate 
has the maximum value, while in the case of antiparallel spins (Si = —Sj), 
electron hoppings are prohibited due to |/| = 0. 

Complex values of / is important to introduce the Berry phases [22], which 
create Hall effects if the Berry phase does not vanish when an electron moves 
along a loop on the lattice. It has also been shown by Miller-Hartmann and 
Dagotto [23] that neglecting the phases of / leads to an overestimate of %. 
Namely, approximation by using |/| causes changes in magnetic and transport 
properties to some extent, so that one should be careful about applying such an 
approximation. Exceptions exist for the case of lattice structures which do not 
have loops, e.g ., 2 site case (which has been originally discussed by Anderson 
and Hasegawa), one-dimensional chains and the Bethe lattices, where the Berry 
phases can be gauged out and the Hamiltonian (7.6) is valid. 

2.1.3 Quantum spin case. For the case of Si being quantum spins, the 
limit of Jh — > cxo is not as simple as that for the case of classical spins. Local 
Hund’s coupling in Eq. (7.2) gives spin multiplet structures, e.g., in the case of 
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S = 1/2 we see triplets with a total spin St ot = 1 and a singlet with 5 to t = 0. 
The limit of Jh — ► oo projects out the singlet state, which leaves us multiplet 
states for low-energy configurations. In the case of general S , there originally 
exist (25 + 1) x 2 states on each site, which splits into 25 + 2 high-spin states 
with S t ot = 5 + 1/2 and 2 S low-spin states with S to t = S — 1/2. Taking 
the limit Jh — * oo projects out the low spin states in the ground state. The 
remaining high-spin states are not as simple as the “spinless fermion” in the 
classical spin case. 

Quantum projection operators have been introduced by Kubo and Ohata [4] 
as well as by Miiller-Hartmann and Dagotto [23], which are formally expressed 
as 

H = - ^2 UjP{Si)c\ c jP(Sj) + /i.c., (7.8) 

u 



with P(S) being the projection operator with respect to 5. Such projected 
states are used in numerical calculations [24, 25, 26] in order to reduce the 
dimensions of the Hilbert space. 

2.2 Magnetic excitations in the semiclassical limit 

2.2.1 Exchange interactions for classical spins at Jh — ► oo. Here 
we introduce effective interactions between localized spins Si in the classical 
limit 5 — > oo from the electronic Hamiltonian (7.3). 

We consider a state with a spin configuration slightly twisted from that of 
the ground state Si = (0, 0, 5). Increase of energy from the ground state SE 
gives us the effective interaction between spins near the ground state. Following 
derivation is a classical analog to the method by Shannon [27] which explicitly 
includes spinwave operators. 

Let us consider the energy of a state with a spin configuration {5}* Taking 
the expectation value of the Hamiltonian (7.3), we have 

E({Si}) = (H) = ~Y, t iMc 3 )f{S u S J ) + c.c., (7.9) 

ij 



where the expectation values of electron hoppings (<!<+) also depends on the 
spin configuration, in general. Through the Hamiltonian (7.3), a change in the 
spin configuration alters electronic states and hence electron hoppings (<| <+■), 
which means that the energy i?({5i}) is an intricate function of the spin con- 
figuration {Si}. Let us emphasize that, from this reason, it is not adequate to 
make an effective spin model by simply replacing the electron hoppings ((\cj) 
by a constant, in general. Namely, one should be ware of the validities and the 
limitations of the ‘effective Hamiltonian’ in the form which is quite often seen 
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in literatures, 

n' = -Y,k -cos e -^. (7.io) 

When we restrict ourselves to a region where the deviation of spin configur- 
ations from those of the ground state is small, however, the expectation value 
(c\cj) can be taken by the electron states in the ground state as the lowest order 
perturbation. Then, it is clear that the excitation energy SE is solely determined 
by the deviation of /(£*, Sj) from its ground state value / = 1. In other words, 
we can successfully trace out the degrees of freedom for itinerant electrons to 
introduce effective interactions between localized spins. As a result, we have 

^ f 2 7 ^ c ■ a) —> — * 

6E = 2J2 4^2 ° • • Sj), (7-11) 

ij 

where 5 (Si • Sj) is an infinitesimal deviation of Si • Sj from its ground state 
value, Si • Sj — S 2 — S(Si • Sj), and (• • • ) 0 represents an expectation value 
with respect to the ground state. 

The derivation of Eq. (7.11) is as follows. From Eq. (7.4) it is clear that 
the imaginary part of f(Si,Sj) is antisymmetric with i and j, and only the 
absolute value | /(£*, Sj) | is relevant as long as the lowest order perturbation is 
concerned [28]. Near the ground state, we have 



1/(4 Sj)\ = 



1 s 2 -s(s i -s J ) *($-4) 

2 2 S 2 AS 2 



(7.12) 



Therefore, 5E is given by Eqs. (7.9) and (7.12). 

Comparing Eq. (7.11) with the corresponding analysis for the Heisenberg 
model, 

6E = 2Y^JiASi-Sj), (7.13) 

ij 



we see that the ferromagnetic spin exchange interaction in the DE model near 
the ground state can be mapped to a Heisenberg model with exchange couplings 
given by 



Jij — 



tij(c]c, 



z47/0 



AS 2 



(7.14) 



2.2.2 Basic features of the DE interaction. From Eq. (7.14), we see 
the following properties. 

■ ex tij\ The range of the spin exchange interaction J, \j is determined 
by the range of electron transfer integrals tij. 
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■ Jij oc (cjcj) 0 : The spin exchange interaction vanishes when expectation 
value of electron hopping is zero, i.e., ( 4 c j)o = 0. 

The property Jij oc (c\cj ) 0 gives us the well-known fact that the DE interac- 
tion is mediated by electron hoppings. Note that the exchange coupling is pro- 
portional to the expectation value of the local kinetic energy EQj = Uj(c\cj) 0 . 
This leads to the interpretation that the origin of the DE interaction is due to the 
gain of kinetic energies. 

It should also be emphasized that this property also leads to a statement 
which contradicts to what has been widely believed: The DE interaction exists 
in insulators as well. In quantum mechanics, it is difficult to make a complete 
localization of an electron. In general, electrons can hop at least to nearest 
neighbors, which create DE interactions between these sites. Namely, whenever 
the expectation values of the electron hoppings (4 c j) 0 * s non-zero, there exists 
a gain of energy by aligning the localized spins in parallel. Exceptions where 
the DE interaction completely vanish are the case of band insulators where Pauli 
principle prohibits electron hoppings, as well as half-filled Mott insulators with 
U — oc. 

Let us consider ferromagnetic insulating phases in manganites. There exists 
a lightly doped insulating region in (La,Sr)MnCb which is considered to be an 
Anderson-localized insulator [29]. In Anderson-localized insulators, localiza- 
tion length of electrons are non-zero but smaller than the linear dimension of the 
sample. Then, it is possible to make a state which prohibits a coherent electron 
transport but still have the DE interactions. 

Similar discussion can be done for the charge-ordered insulators. In general, 
local electron hoppings are reduced but still finite in insulators. Then, there exist 
reduced DE interactions, which begin to compete with other magnetic interac- 
tions, e.g., antiferromagnetic super-exchange interactions between localized 
spins. This finally leads to the destabilization of the ferromagnetism. In spite of 
such destabilization, it should be emphasized that a metal-insulator transition 
does not automatically switch off the DE interaction, and that ferromagnetic 
insulating phases with their origins of magnetism being the DE interaction may 
exist. 



2.2.3 Spinwave excitation spectrum at 1/S <C 1. In the classical 
spin limit, the effective interactions leads to the equation of motion for the 
localized spins. The solution for the equation of motion gives us a spinwave 
state. In the semiclassical approach, such classical spinwave state is replaced 
by quantized magnons with the same dispersion relation in the lowest order of 
the spinwave expansion at 1/5 1. 

From the property oc t\j , we see that for the DE model with nearest 
neighbor hoppings, spin exchange couplings are also limited to nearest neigh- 
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bors. Then, the spin wave excitation for such a model shows a cosine band. 
This result by a semiclassical approach is justified from the fact that it gives the 
identical result with those by quantum spinwave approaches in the leading or- 
der of 1/5 expansions, such as the diagrammatic methods [30, 31, 32], unitary 
transformation method [27] and the expansion of the projection operators [4]. 

2.2.4 Finite Jh corrections to spinwave spectrum. The property 
Jij ex tij comes from the fact that, as soon as an electron at site i hops to site 
j, the electron spin is immediately projected out and the information about the 
spin orientation at site i is lost there. Namely, even though electrons continu- 
ously hop from sites to sites, spin interactions are mediated by single-hops of 
electrons. In the case of Jh being finite but still much larger than the transfer 
integral t, the projection is not perfectly done at once. As a result, there exists 
small but finite probability that electrons can re-hop to other sites before spin 
projections occur. Then, the range of spin exchange interaction Jj becomes 
longer. Even in the case where electron transfer occurs only to the nearest 
neighbors, finite Jh gives long-range Jj, and hence the spinwave dispersions 
deviate from the cosine-band behaviors [30, 33]. 

2.2.5 Stoner excitation. There exists another kind of magnetic ex- 
citation which is composed of quasiparticle (particle-hole) pairs of conduction 
electrons. Namely, when one takes out an occupied electron with spin cr, mo- 
mentum k and energy Ska from the Fermi sea, and puts it to an unoccupied state 
with spin — cr, momentum k + q and energy ek+q-a, it creates a magnetic excit- 
ation with momentum q and energy uj — £k+ q ,-c r ~ £k,a- Such a particle-hole 
pair with a spin-flip is called Stoner excitation in ferromagnetic metals. Stoner 
excitation makes a continuum spectrum, since the combination of k and q can 
be changed continuously. 

For the case of the conventional weak ferromagnetic metal with imperfect 
spin polarization for the conduction electrons, Fermi surface exists for both 
spins with different sizes. Then, a zero-energy Stoner excitation is allowed 
by moving an electron on a Fermi surface of one spin species to the Fermi 
surface after flipping the spin. In weak ferromagnetic metal, low energy Stoner 
excitations interact with spinwave, which cause the dumping of the spinwave 
inside the Stoner excitation continuum. 

In contrary, the DE model has the ground state which is perfectly spin polar- 
ized. The band of electrons with spins antiparallel to the ordered localized-spins 
are in the high-energy region, so that Stoner excitations have energies u ~ 2 Jj. 
Such an energy scale is much higher than any other magnetic excitations, and 
does not affect spinwave excitations. 

At finite temperatures, there exists fluctuation of localizes spins, Le., some 
localized spins are not parallel to the total magnetization axis. Then, finite 
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portion of low-energy electronic states for spins antiparallel to the magnetization 
emerges. This causes the low-energy Stoner excitation which may interact with 
spinwave excitations, and creates finite lifetime of the spinwave [6, 30, 34]. 

2.3 Quantum corrections 

2.3.1 Non-Stoner Excitation. One of the essential roles of quantum 
correction to the magnetic excitations of the DE model is to create a low-energy 
spin excitation continuum even in the ground state. The excitation is studied 
by Kaplan et al [35] and named as a “non-Stoner excitation”. 

The origin of the non-Stoner excitation is the local spin multiplet structure. 
Let us consider an itinerant electron whose spin is parallel to the localized spin, 
and excite the electron by flipping the spin. In the classical spin limit 5 — > oo, 
such excited state has antiparallel spin and is energetically unfavorable in the 
large Jr limit due to the atomic interaction in Eq. (7.2). However, when the 
localized spins are quantum spins with finite 5, the situation is different. 

When the spin of the itinerant electron is antiparallel to the localized spin, 
such state is not an eigenstate of the atomic Hamiltonian (7.2). As an example, 
let us consider the case of the localized spin with 5 = 1/2. The initial state has 
the itinerant electron and the localized spin with spins both up, | |). Then we 

flip the spin of the itinerant electron, which makes | j, |). This state is a linear 
combination of the singlet state |s) = (| j, |) — | j})/\/2 and the triplet state 

|to) = (| U) + | l,l))/V2,i.e., 

[i,T} = a±M. (7.15) 

Although the singlet state have high energy and is projected out, the spin-flipped 
state has a finite overlap with low-energy triplet state. For the case of general 5, 
a state with an itinerant electron having an opposite spin is constructe d from a 
linear combination of the high-spin eigenstate with the weight v / 25/ y/2 S + 1 
and the low-spin eigenstate with the weight l/\/2 5 + 1. 

Therefore, after projecting out high-energy states, a spin-flipped state exists 
in the low-energy region. Kaplan pointed out the existence of the non-Stoner 
excitations and investigated the spectrum. The weight of such state vanishes 
in the classical limit 5 — ► oc in the form oc l/\/25 + 1, which means that the 
non-Stoner excitation is a purely quantum object. 

At this moment, however, the spectrum of the non-Stoner excitation has been 
studied only by the numerical diagonalization method on finite-size clusters. 
Since there exists a technical limit in the system sizes of clusters, details of the 
spectrum are still under investigation. 

2.3.2 Quantum corrections to spinwave spectrum. One of the 

method to go beyond the semiclassical approximation and treat the quantum 




312 



COLOSSAL MAGNETORESISTIVE MANGANITES 



behaviors of the spinwave excitations is to calculate higher order terms of the 
1/5 expansion [32, 36]. 

In Heisenberg ferromagnets, higher order terms of the 1/S expansion give 
magnon-magnon scattering terms, which are irrelevant as long as we consider 
only low-energy excited state near the ground state. Namely, since magnon- 
magnon interaction vanishes at one-magnon excited states, there is no higher 
order 1/5 corrections in the one-magnon spectrum. On the contrary, in DE 
ferromagnets a magnon can always make scatterings with itinerant electrons in 
the Fermi sea. Thus there exist interactions between magnons and non-Stoner 
excitations which do not vanish even in one magnon state. 

As a result of spinwave-electron interactions, quantum corrections occurs in 
the following ways: 

■ Reduction of the spinwave spectrum bandwidth. 

■ Softening of the dispersion at the zone-boundary. 

■ Damping of the spinwave. 

The softening and the damping of spinwave due to spinwave-electron in- 
teractions depend on Fermi surface structures. For example, the spinwave 
broadening shows characteristic behaviors at q — 2 kp [32]. In other words, 
spinwave spectrum may change when the electronic structure is modified, even 
when the average exchange couplings are unchanged by fixing the total kinetic 
energy. 

The reduction of the bandwidth as well as the softening of the dispersion has 
also been observed in numerical studies of spin excitations on finite-size lat- 
tices [24, 25]. The quantum corrections are strongly carrier-density dependent, 
which directly indicates that the correction are sensitive to electronic structures. 
In these numerical investigations, however, broadening of the spinwave excit- 
ation is not reproduced since calculations are performed on finite-size lattices. 

3. More Realistic Models 

3.1 Experimental results in manganites 

3.1.1 A-site ion substitution in manganites. One of the characteristic 
features in manganites is that phases are controlled through chemical substitu- 
tions of A-site ions [37]. Substitutions of ions with different valences introduce 
carrier doping. Substitutions of ions with different radii cause distortions of the 
perovskite structure which lead to so called “bandwidth control” by modifying 
the Mn-O-Mn bond angles. Such a large degrees of freedom is a common 
feature in transition-metal oxides with perovskite structures [38]. 

Let us hereafter consider the “bandwidth control” for a fixed carrier concen- 
tration of x ~ 1/3 where maximum CMR phenomena is observed in mangan- 
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ites. It has been shown by Hwang et al. [39] that Curie temperatures can be 
controlled by A-site substitutions. The highest % is obtained at the composition 
of (La,Sr)MnC>3 at T c ~ 380 K. By substituting Sr ions by smaller ions of Ca, 
T c is continuously decreased, down to /,. ~ 280 K for (La,Ca)MnC>3. Sizes 
of A-site ions can further be made smaller by substituting La with Pr, which 
destabilizes the ferromagnetic phase and then creates a charge-ordered phase. 
Hwang et al. claimed that T c can be scaled by the average radius of the A-site 
ions (r A ). 

Transport properties also change upon A-site ion substitutions. In com- 
pounds with higher T c , resistivities show metallic behaviors above T c [40, 41]. 
In low-T c compounds, insulating behaviors above T c [42] as well as enhance- 
ment of CMR are observed. In other words, optimization of the A-site ion 
substitutions leads to the enhancement of the CMR characteristics. 

3.1.2 Changes of the magnetic excitation spectrum by A-site ion substi- 
tutions. Let us describe magnetic excitations of manganites. A cosine band 
dispersion is observed in the ferromagnetic metallic phase of (La,Pb)MnC>3 
[9], as well as in (La,Sr)Mn03 [12]. At low temperatures, the spinwave ex- 
citations have narrow linewidth throughout the Brillouin zone, while at higher 
temperatures, sudden broadening of the spinwave occurs. 

On the other hand, anomalous deviations from cosine band dispersions are 
observed in (La,Ca)Mn03 as well as (Nd,Sr)Mn03 compounds which show the 
maximum CMR phenomena. In these compounds, softening and broadening of 
the spinwave dispersions have been observed [13, 14]. We should also mention 
that, in underdoped manganites at the ferromagnetic insulator region, opening 
of a spinwave gap in the middle of the Brillouin zone has been observed [15, 20]. 

3.2 DE model as a reference 

3.2.1 High-T c manganites. It has been discussed in Ref. [6] that the 
DE model explains various properties of the compounds with higher 2^, e.g ., 
Lai_ x Sr^MnOs at x ~ 1 /3. The value of T c is consistently explained by the DE 
model [43, 44, 45]. In these compounds, resistivities show metallic behaviors 
above T c [41]. Theoretically, resistivity of the DE model as a function of 
temperature and magnetic field are calculated, which show consistent behaviors 
with experiments [5, 46]. Optical conductivity shows a typical scaling behavior 
[47] , which is explained by the magnetization dependence of the density of states 
[46]. 

Concerning the magnetic excitations, it has been shown that the spinwave 
spectra at low temperatures show cosine-band behaviors [9, 12], which are 
consistent with that of the DE model. Large temperature dependences of the 
spinwave linewidth [9] are explained by the temperature dependence of the con- 
ventional Stoner spectrum. Namely, at T — > 0, conventional Stoner continuum 
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does not exist at low energies for half-metallic state of the DE model, while at 
higher temperatures, reduced spin polarization make the Stoner continuum to 
emerge [30]. 

Thus, manganites with the high-T c ferromagnetic metallic phase are con- 
sidered to be canonical DE compounds which can be treated as reference com- 
pounds to examine changes of various properties upon A-site ion substitutions. 

3.2.2 Low-T c manganites. As described previously, various changes 
in magnetic and transport properties are observed when is decreased by 
A-site ion substitutions. In other words, in low-2^ manganites, there exist 
clear deviations from canonical DE properties. Therefore, it is important to 
make a comprehensive study how A-site substitutions cause the changes in 
the ferromagnetism and transport properties of manganites, especially from the 
point of view of optimizing CMR properties. 

The change of the ionic radius in A-sites creates the lattice distortion in the 
perovskite structure, which leads to the reduction of electron transfer integrals. 
Such a change in electron transfers are primarily considered as the origin of 
However, it has been pointed out by Radaelli et al. [48] that the actual change 
of the electron transfer from (La,Sr)MnC>3 to (La,Ca)Mn03 is estimated to be 
less than 2%, while the change of T c is roughly 30%. Although the idea of the 
“bandwidth control” has widely been accepted, “bandwidth control” alone is 
not sufficient to be the microscopic origin for the decrease in 7 c. 

3.3 Interaction with other degrees of freedom 

3.3.1 Possible origins of the anomaly. In order to understand the 
nature of magnetic excitations in manganites, the DE model introduced by 
Zener is an oversimplified model which does not capture all the details of actual 
compounds. Namely, there exist various degrees of freedom in manganites so 
that one might have to consider some models with such additional degrees of 
freedom to investigate the nature of magnetic properties. For example, there 
exists two degenerate eg orbitals which have not been taken into account in 
the simple DE model. Such orbital degrees of freedom, accompanied by the 
Jahn-Teller type lattice distortions, has been discussed to change the transport 
properties of the model [49, 50, 51]. Randomness is also important to discuss 
the localized nature of carriers when the resistivity shows an insulating behavior 
[52, 53, 54]. However, at this point it is not clear whether such external degrees 
of freedom relevantly modifies the nature of magnetic excitations in manganites, 
or they only act to renormalize parameters for a simple DE model. 

In order to study one of the unsolved issues in manganites which is the 
dramatically changes of the spinwave spectrum by A-site substitutions, various 
models have been introduced. One of the approaches is to study the higher 
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order terms in the 1/5 expansion of spinwave operators, within the original DE 
model. Spinwave anomalies are considered to be through 

■ Magnon-electron interaction [24, 25, 32]. 

Other approaches are to introduce extra degrees of freedom which couples to 
the spinwave excitations, such as 

■ Magnon-phonon interaction [55, 56]. 

■ Coupling to the orbital degrees of freedom [57, 58]. 

■ Randomness effects [59]. 

Unfortunately, all of these origins exist in actual compounds, more or less. 
Therefore, there is no automatic way to consider that a model can exclusively 
explain the anomaly. The issue is to consider whether such phenomena can re- 
produce the spectrum quantitatively within some realistic ranges of parameters, 
and to compare with other properties of manganites which are affected by them 
in detail. 



3.3.2 Interaction between spinwave and other degrees of freedom. 

Instead, here we consider a general case where spinwave interact with other 
excitations. The spectrum can be modified if following phenomena occurs: 

■ Hybridization of spinwave with other elementary excitations. 

■ Scattering of spinwave by other excitations or static potentials. 

Hybridization phenomena between spinwave and phonons have been ob- 
served in various materials [60]. In the presence of spin-orbit couplings, phon- 
ons with specific symmetries are accompanied by magnetic excitations, which 
can interact with spinwave. When a phonon branch crosses the spinwave disper- 
sion, the hybridization leads to the mixing and anti-crossing of these elementary 
excitations. Such phenomena is discussed in manganites since magnetic and 
phonon excitations are observed to be in the close vicinity [19]. 

Hybridization can take place when the other elementary excitation is also 
magnetic. Interaction between spinwave and Stoner/non-Stoner excitations can 
also be viewed as a hybridization. In this case, however, these excitations have 
continuum spectrum, which leads to the broadening of the spinwave spectrum. 

When an elementary excitation does not have magnetic properties, the in- 
teraction between the elementary excitation and the spinwave takes place as 
a scattering of the spinwave by the elementary excitation. Such interaction is 
realized, e.g., when the elementary excitation can modify the spin exchange 
couplings. For example, changes in the orbital occupations create modifica- 
tion of the electron hoppings, which leads to the modulation of spin exchange 
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couplings. In general, any types of degrees of freedom which modify electron 
hoppings, e.g ., lattice distortions or charge ordering fluctuations, have possib- 
ilities to cause spinwave softenings and broadenings. 

4. Concluding Remarks 

So far, various mechanisms which more or less create spinwave softenings 
and broadenings have been discussed by introducing some kind of elementary 
excitations. Extents of anomalous behaviors can be controlled by the coupling 
constant between the spinwave and the other elementary excitations. 

In order to explain the behaviors in manganites, however, the difficulties 
are that the theory has to explain the change of the spectrum upon A- site ion 
substitutions, from that for the canonical DE system with cosine-band behavior 
to that with anomalies. Namely, the theory should microscopically explain why 
spinwave softenings and broadenings do not occur in high % manganites and 
the simple DE model is enough for the spectrum, and why T c is decreased when 
spinwave anomalies take place. 

Many theoretical approaches rely on the idea that A-site ion substitution 
creates “bandwidth control” which modifies the electronic structures of itinerant 
electrons and hence the relative couplings to other degrees of freedom. Note 
that, as discussed previously, actual changes in the electronic structures are 
considered to be quite small in actual manganites, e.g., estimated changes of 
the bandwidth from (La,Sr)Mn03 to (La,Ca)MnC>3 is less than 2% [48]. Thus, 
it is difficult to justify theories based on “bandwidth control” as an origin of the 
changes in the spectrum. 

At this point, there lack experimental studies in systematic and quantitative 
manners to investigate and justify the microscopic origins of the decrease of % 
upon dopings, and the correlations to spinwave anomalies. In this sense, we do 
not have enough experimental evidences to examine and constrain theories at 
this point. The issue of the spinwave spectrum in entire ferromagnetic region 
of manganites is still under investigation. 
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Abstract Crystal and magnetic structures of bilayer (n = 2 ) Ruddlesden-Popper phase 
Lai — 2x Sfi-[-2xMn207 have been reviewed and their relationship with the co- 
lossal magnetoresistive behavior discussed. Experimental results of inelastic 
and quasielastic neutron scattering on the 40 % hole-doped (x = 0 . 4 ) bilayer man- 
ganite Lai.2Sri.8Mn207 have been described. A fully quantum theory of the 
spin dynamics of ferromagnetic manganites is developed, starting from the min- 
imal double exchange model. This is compared with experimental results for a 
ferromagnetic bilayer system. A mean-field type theory of doping dependence 
of the exchange interactions in bilayer manganites has also been developed and 
compared is compared with the experimental results. 



Keywords: Bilayer manganites, spin waves, neutron scattering, double exchange model. 



1. Introduction 

The discovery of colossal magnetoresistance (CMR) in the quasi-two- 
dimensional (quasi-2D) bilayer manganite L^_2 X Sri + 2xMn20y [1] generated 
a lot of investigations focused on understanding the microscopic mechanism 
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of this phenomenon. Together with the high temperature superconducting 
cuprates with layered structures they formed a class of materials in which 
hole doping drives the parent antiferromagnetic insulator to either a super- 
conductor with high critical temperature T c or a metallic ferromagnet showing 
CMR. The reduced dimension is another common ground in the present class 
of materials with perovskite-like structures. Due to the reduced dimension- 
ality of this bilayer manganite, its electronic and magnetic properties are ex- 
pected to be different from those for the well-studied infinite-layer manganite 
[2]. The reduced dimensionality in fact enhances the CMR effect, albeit at the 
cost of decreasing the ferromagnetic transition temperature. Bilayer mangan- 
ites La 2 _ 2 xSri + 2 o:Mn 207 have been discussed in several other chapters of the 
present book. Here we will concentrate on the spin dynamics of the bilayer 
manganites. We will often digress and discuss and compare the spin dynamics 
of the infinite-layer manganites Ai-^B^MnOs where A = La, Pr, Nd etc. and 
B = Ca, Sr, Ba etc. with those of bilayer manganites. The spin dynamics of 
infinite layer manganites have also been considered in chapter 2. After giving a 
short account of the crystal and magnetic structures of these class of materials 
in sections 2 and 3, the experimental results of spin wave excitations obtained 
from inelastic scattering will be presented in section 4. Then a theory of spin 
wave excitations in doped manganites based on the minimal double-exchange 
(DE) model will be developed in section 5. The deviations of the results of this 
model from those of the localized Heisenberg model will be discussed. Finally 
the results of the minimal DE model will be compared with the results of the 
neutron scattering investigations. Theory of the doping dependence of the ex- 
change interactions in bilayer manganites in terms of the orbital occupancy will 
be developed in section 6. Quasi-elastic neutron scattering investigation above 
the critical temperature will be presented and compared with mean field model 
calculations in section 7. 

2. Ruddlesden-Popper phases 

Ruddlesden and Popper [3, 4] investigated Sr-Ti-O system and discovered 
a series of compounds of general formula (SrO)(SrTiCb) ri or Sr n+ iTi n 03 n+ i. 
These phases can be described as intergrowrths of rock-salt like SrO slabs and 
n slabs of the perovskite SrTiQ 3 . For n = oc one gets SrTiC >3 of perovskite 
structure. For n = 1 one gets Sr 2 Ti 04 which is isostructural with the well- 
known layered K 2 Ni 04 . For n = 2 one gets Sr 3 Ti 2 07 . Ruddlesden-Popper 
phase for n = 3, 4 etc. are increasingly difficult to synthesize in pure form. 
Rudddlesden and Popper synthesized n = 3 compound S^TLjOio mixed with 
SrTiC >3 and S^T^C^. The bilayer (n = 2) manganites Ai_ 2 X Bi + 2 xMn 2 07 
where A and B are trivalent and divalent cations, viz. La and Sr, respectively, 
are isostructural with Sr 3 Ti 207 . As illustrated in Fig. 8.1 the crystal structure 
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Ruddlesden-Popper phases 
(La,Sr) n+ ‘| Mn n 03 n+ -j 




La! . x Sr| +x Mn0 4 La 2 -2x&i +2x Mn 2 0 7 
Bilayer manganites 



LaMn03 



Figure 8. 1. Crystal structures of Ruddelsden-Popper phases 



consists ofMn0 6 octahedra with the corners linked to form MnC >2 double layers 
or bilayers parallel to the a-b plane of the body-centered tetragonal unit cell 
separated by (La,Sr) 2 C >2 rock-salt-like blocks. The space group is IA/rrimm . 
There exist two distinct sites in the structure which are occupied by the cations 
La 3+ and Sr 2+ . The sites are either 1 2-coordinated or 9-coordinated occurring 
in the ratio 1 :2. The 1 2-coordinated cation site, labeled P, is within the double 
perovskite layer and the 9-coordinated site, labeled R, is in the rock-salt part 
of the structure. In general the cations are distributed between these two sites 
unless we have x = 0.5 for which the number of La? + and Sr 2+ are in the ratio 
1 :2 also and therefore can order. The distribution of the cations within the two 
sites is important for the structure and properties. The bilayer CMR manganites 
Lai_ 2 xSri + 2 xMn 207 have been synthesized for 0.2 < x < 1.0 although there 
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have been claims of phase separations at or near x = 0.5. The crystal structure 
remains the same in the whole concentration range investigated, although the 
Mn-0 bond lengths change with x. The octahedral or Jahn-Teller distortion 
A jt of the MnC>6 octahedra , which is defined by the ratio of the average 
apical to the equatorial Mn-0 bond length, is obviously a result of the structural 
degrees of freedom in these layered materials. The compound L^SrMn 207 
(x = 0) consists of only Mn 3+ ions. Substituting trivalent La by divalent Sr 
is equivalent to doping with holes and thereby producing Mrf + ions, x stands 
for nominal hole number per Mn site or the fraction of Mn 4+ ions. The n = 
2 Ruddlesden-Popper phases have been synthesized with almost all lanthanide 
ions (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Y and Er). The crystal chemistry 
and stability of this structure is governed by the size of the lanthanide cation. 
Partial ordering of the Sr 24 " and Ln 3+ cations occur between the two available 
cation sites. The smaller lanthanides prefer the 9-coordinated rock-salt (R) site 
over the 12-coordinated (P) site in the perovskite block. 

3. Crystal and magnetic structure of bilayer manganites 

3.1 Evolution of the crystal structure with doping and 
temperature 

The room temperature crystal structure of La 2 _ 2 X Sri+ 2 xMn 207 remains es- 
sentially the same in the whole concentration range x investigated. The structure 
is Sr 3 Ti 207 -type first determined by Ruddlesden and Popper in 1958 [4]. Ri- 
etveld profile refinements on neutron and (both laboratory and synchrotron) 
X-ray powder diffraction data produced a huge amount of literature on the 
structure analysis of Ruddlesden-Popper phases. As already mentioned in the 
previous section the structure is flexible with respect to the cation order disorder 
between the 12-coordinated perovskite (P) and 9-coordinated rock-salt (R) sites 
and also with respect to the octahedral distortion. To make the situation more 
complicated there exists the possibility of phase separation mentioned before. 
Also exists the possibility of electronic phase separation. Despite of these 
complications accurate structural parameters have been determined both as a 
function of hole doping x and also as a function of temperature. Also available 
are structural parameters as function of both hydrostatic pressure and applied 
magnetic field. Of special interest are the Mn-0 bond lengths. There is only one 
Mn site (4e: OOz), but there are three O sites in the structure, 0(1) (2 a : 000), 
0(2) (4e : 00^) and 0(3) (8 g : 0 \z. As mentioned before there are two cation 
sites: La/Sr(P) 2b : 00^ and La/Sr(R) 4e : OO 2 :. The essential result of the 
structural evolution at room temperature with x is that the JT distortion A jt 
which is about 1.04 for x = 0.3 decreases continuously and becomes very small 
A jt = 1.005 at x = 0.5 [5]. This result remains qualitatively same at low 
temperature, only A jt is slightly smaller [5]. The temperature variation of 
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A jt for Lai. 2 Sri. 8 Mn 2 07 (x = 0.4) shows a minimum close to Tq [6]. Invest- 
igation of the crystal structure of the same compound [6] as the temperature is 
lowered through Tc in a field of 0.6 T, reveals a significant magnetostriction. 
The equatorial Mn-0 bond contracts and the apical Mn-O bind expands under 
magnetic field. For LaS^M^Or (x = 0.5) charge-orbital ordering [7] takes 
place at Too ~ 225 K. The intensity of the superlattice reflections correspond- 
ing to the charge-orbital ordering increases continuously below Tco ~ 225 K. 
At about 165 K it shows a maximum and then starts decreasing and becomes 
very small which at about 100 K. The intensity of the superlattice reflection 
starts increasing again below 50 K. Ling et al. [8] have investigated the crystal 
and magnetic structure in the doping range 0.5 < x < 1.0. The crystal structure 
becomes orthorhombic (Immm) 0.8 < x < 1.0 but the transformation is never 
complete. The orthorhombic phase coexists with the tetragonal phase. The 
crystal structure and charge-orbital ordering in bilayer manganites have been 
discussed in details in Chapter 1. 

3.2 Evolution of the magnetic structure with doping 

The magnetic structure of La 2 _ 2 xSri+ 2 xMn 207 has been investigated for 
0.3 < x < 1.0 by various authors [8, 9, 10, 11, 12]. Essentially there are three 
types of phases: ferromagnetic (FM) and antiferromagnetic (AFM) and canted 
(C) phases. There are two types of ferromagnetic phases FM-I and FM-II. In 
FM-I the magnetic moments of the Mn ions are in the a-b plane whereas in 
FM-II the moments are parallel to the c-axis. There are two essential types 
of antiferromagnetic phases. For LaSr 2 Mn 2 07 (x = 0.5) the antiferromagnetic 
phase (AFM-I) is similar to the A-type AFM phase observed in perovskite. 
Here the individual ferromagnetic layers of the bilayers are antiferromagnet- 
ically stacked. The bilayers as units are also antiferromagnetically stacked. 
In the other type of AFM-II phase, the two individual ferromagnetic layers of 
the bilayers are ferromagnetically stacked, but the bilayers as units are stacked 
antiferromagnetically. There exist a third type of phase called canted phase. 
This is similar to the AFM-I phase in which the individual layers of the bilayers 
are canted by an angle which is different from 180 degrees. The canted phase 
can be thought of a combination of FM-I and AFM-I phases in which there 
exist both ferromagnetic and antiferromagnetic components. For x = 0.3 to 0.4 
ferromagnetism dominates at lower temperature whereas for x > 0.4 antifer- 
romagnetism dominates. The saturated magnetic moment is about 3 hb at low 
temperatures. Ling et al. [8] have published a phase diagram for both crystal 
and magnetic phases in the concentration range 0.3 < x < 1.0. This phase 
diagram contains the type-C AF in the concentration range 0.74, x < 0.9 and 
G-type AF phase in the range 0.915 < x < 1.0. Close to x = 0.9 a small region 
where C- and G-type AF phases coexist. There is no long range magnetic order 
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in the range 0.64 < x < 0.0.74. Recently Okamoto et al. [13] have invest- 
igated the correlation between the orbital structure and the magnetic ordering 
temperature and the type of magnetic structure of the bilayer manganites at low 
temperatures. The two e g orbitals 3d 3z 2_ r 2 and 3d x 2_ y 2 in A Mn 3+ ion split 
in the crystal field of the layered structure and one of them is occupied by an 
electron. The occupied orbital controls the anisotropy of the magnetic interac- 
tion and also its strength. The crystal and magnetic structures and the phase 
diagram of the bilayer manganites have been described in details in chapter 1 . 

4. Ferromagnetic phase transition in Lai. 2 Sri. 8 Mn 2 07 

The bilayer manganite La 2 - 2 xSri + 2 xMn 2 07 becomes a metallic ferromag- 
net for a hole doping 0.32 < x < 0.42. The Curie temperature Tc is Tc ~ 110 
K for x = 0.32. It increases with increasing x and becomes highest Tc ~ 130 
K for x = 0.35. On further increasing x Tc decreases again and becomes again 
Tc ~ 110 K for about x = 0.42. The magnetic structure deviates from a simple 
ferromagnetic for x < 0.32 and also for x > 0.42. The L^_ 2 X Sri + 2 xMn 207 
single crystal used for the spin wave investigation to be described in the next 
section is formally La^Sri and had a Tc ~ 128 K. The ferromagnetic 

phase transition was determined by neutron diffraction. Fig. 8.2 (a) shows the 
temperature variation of the magnetic contribution of the intensity of the 110 
reflection. The magnetic intensity decreases continuously with increasing tem- 
perature and becomes zero at Tc « 128 K. Fig. 8.2 (b) shows the temperature 
variation of the total intensity of the 110 Bragg reflection close to Tc and a fit 
to the equation 



I = In + Io( 



Tc - T . 2/3 

T c J 9 



( 8 . 1 ) 



where I n is the nuclear contribution to the intensity, lo the magnetic intensity at 
T = 0, 7b the ferromagnetic transition or Curie temperature and / 3 is the critical 
exponent. The least squares fit gave Tc = 128.7 ± 0.1 K and j3 — 0.35 ± 0.01. 
The critical exponent obtained from the fit is closer to the three-dimensional 
(3D) Heisenberg value, (3 = 0.38, than to the two-dimensional (2D) Ising 
value, (3 — 0.125. Although Lai. 2 Sri.sMn 207 behaves like a quasi-2D ferro- 
magnet, the ferromagnetic phase transition at Tc ~ 128 K caused by relatively 
weak inter-bilayer exchange interaction is ultimately of 3D-Heisenberg type. A 
second determination of Tc from the temperature variation of the integrated in- 
tensity of the rod scattering by doing a Q-scan perpendicular to the rod through 
the reciprocal point Q = (0, 1, 1.833) (Fig. 8.2(c)) also gave Tc ~ 128 K. 
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Figure 8.2. (a) Temperature variation of the magnetic contribution of the intensity of the 110 

reflection of Lai. 2 Sri. 8 Mn 207 . (b) temperature variation of the total intensity of the 110 Bragg 
reflection close to Tc. The continuous curve is a power-law fit of the data to the equation (1.1). 
(c) Temperature variation of the integrated intensity of the rod scattering by doing a Q-scan 
perpendicular to the rod through the reciprocal point Q - (0, 1, 1.833) (after [14]). 
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Figure 8.3. Crystal structure of Lai. 2 Sri.sMn 207 and the important exchange interactions. 
The temperature dependence of the resistivity of the Lai. 2 Sri. 8 Mn 207 single crystal measured 
in the a-b plane and parallel to the c-axis of the orthorhombic M/mmm crystal structure at 
applied magnetic field H = 0 and 7 Tesla (after [49]). 



5. Spin waves in bilayer manganites 

5.1 Spin wave dispersion at low temperatures 

The bilayer manganite La 2 - 2 ccSri + 2 xMn 207 shows a large CMR effect close 
to Tc and the CMR is anisotropic as is expected for a layered structure. Fig. 8.3 
shows the temperature dependence of resistivity of the ^SrisM^O? single 
crystal measured in the a-b plane and parallel to the c-axis of the orthorhombic 
IA/mmm crystal structure at applied magnetic field H = 0 and 7 Tesla. The 
resistivity has been measured on a part of the large single crystal of dimensions 
5 x 5 x 25 mm 3 . Fig. 8.3 also shows the crystal structure of the bilayer 
manganite and the three important exchange interactions: (1) the intra-layer 
exchange interaction between the nearest-neighbor Mn atoms along the a-axis 
J a , (2) the intra-bilayer exchange interaction between the nearest-neighbor Mn 
atoms along the c-axis belonging to the two layers of the bilayer and (3) 
the inter-bilayer exchange interaction between the the nearest-neighbor Mn 
atoms belonging to different bilayers J. The spin waves in bilayer manganite 
Lai^Sri.gM^Or have been investigated by us by inelastic neutron scattering 
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[14, 15, 16] on the triple-axis spectrometers of the Institute Laue-Langevin, 
Grenoble. The spin waves in bilayer manganites have also been investigated 
by several other authors [17, 18, 19, 20, 21]. One expects ^Sri.gM^Or 
to behave like a quasi-2D magnetic system. The spin waves involving intra- 
bilayer exchange interactions J a and J c are expected to have much higher energy 
than those involving inter-bilayer exchange interaction J. So we used thermal 
triple-axis spectrometers to investigate the former spin waves and cold triple- 
axis spectrometers to investigate the latter. Also one expects two spin wave 
branches, acoustic and optic branches, due to the presence of two Mn atoms 
in the primitive unit cell related by the inversion center leading to magnetic 
bilayers. The spin wave dispersion was measured by both energy and Q-scans. 
Fig. 8.4 shows Q scans along [100] at T = 1.6 K for different constant energy 
transfers through the reciprocal point Q = (1, 0, 1) which is a zone center. The 
two peaks observed on both sides of the zone center are acoustic spin waves. 
The dispersion of the acoustic spin waves along [100] is clearly seen. Fig. 8.5 
shows energy scan at Q — (1,0, 3.1) at T = 1.6 K which shows a peak at 
E ^ 6 meV. This peak has been identified as the optic spin wave branch. The 
dispersion of the optic spin wave branch along [100] has also been measured. 
Fig. 8.6 shows the dispersions of both the branches along [100] together. The 
continuous curves are fit to the localized Heisenberg model. This fit gives the 
nearest neighbor intra-layer interaction along [100] SJ a = 8.6 ± 0.2 meV. The 
spin wave gap obtained from this fit is not reliable. The spin wave gap has 
been determined from the low-q dispersion by fitting E = S ± D(p giving an 
energy gap of A = 0.266 ±0.001 meV and the spin wave stiffness constant 
D = 167.9 ±0.1 meVA 2 . The optic spin wave energy gap gives directly 
the intra-bilayer exchange interaction along the c-axis SJ C = 3.1 ± 0.2 meV. 
The ratio of the in-plane exchange interaction to the intra-bilayer exchange 
interaction is — 2.8. This large ratio came as a surprise initially. However, 
it has been realized that the population of the d z 2 _ 3r 2 and d x 2_ y 2 orbitals play 
a crucial role in determining these exchange interactions. Also this exchange 
ratio depends strongly on the doping level. This topic will be considered in 
section 6. The fit of the experimental dispersions of the along [100] to the 
localized Heisenberg model is not very good. It is known that the localized 
Heisenberg model is not appropriate for the spin waves in manganites. They 
are better described by the double exchange model. The double exchange model 
can be mapped to a localized Heisenberg model in the classical limit only for a 
very large Hund’s coupling. This will be discussed in detail in section 5. Fig. 
8.7 shows the dispersion of the acoustic spin wave branch along [001] measured 
by a cold triple-axis spectrometer. The spin wave band width along [001] is 
only about 0.5 meV, which is much smaller than that along [100] (37 meV). 
The continuous curve is the fit to the localized Heisenberg model which gives 




330 



COLOSSAL MAGNETORESISTIVE MANGANITES 




0.6 0.7 0.S 0-9 1 1,1 1.2 1.3 1.4 

Q h (rJ.u.J 



Figure 8.4. Q scans along [100] at T = 1 .6 K for different constant energy transfers through the 
reciprocal point Q = (1, 0, 1) which is a zone center (from [15]). 
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Figure 8.5. Energy scan at Q = (1, 0, 3.1) at T = 1.6 K which shows a peak at E 
(from [15]). 



6 meV 



> 

tu 

E 



o 




q h (r.l.u.) 



Figure 8.6. Spin wave dispersion of the acoustic and the optic branches of Lai. 2 Sri. 8 Mn 207 
along [100] (from [16]). 
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Figure 8.7. Spin wave dispersion of the acoustic branches of Lai. 2 Sri. 8 Mn 207 along [001] 
(from [16]). 



the inter-bilayer exchange interaction SJ — 0.057 =b 0.002 and a spin wave 
gap A = 0.04 ± 0.02 meV. 

The qi -dependence spin wave cross section of the acoustic and optic branch 
can be well described by 



d?a 

dfldE 



m, dzl 



' 2N m v 0 4 



(1 + Q2)/ 2 (Q)e- 2W (Q) 



x Y Y( n q + \^ =F q - t W e t Mq)] 

m Tq 



x [1 ± cos(2 zcQi)\, 



( 8 . 2 ) 



where 77*0 = 0.539 x 10~ 12 cm, Q = — k/ is the momentum transfer, k^ 

and kf are the wave vectors of the incoming and scattered neutrons, f(Q) is 
the magnetic form factor of the Mn ion, e~ 2W ^ is the Debye- Waller factor, 
n q is the Bose factor, r is the reciprocal vector, m denotes a mode, 2: is the 
z-coordinate of the Mn ion, c is the lattice parameter along the z direction, i.e., 
perpendicular to the bilayers. The sign in the last factor refers to the acoustic 
(+) and optic (-) spin wave modes, whereas the other signs denote the creation 
and annihilation of a spin wave, respectively. The crystal structure investigation 
of Lai. 2 Sri. 8 Mn 2 07 gave z = 0.0964 =L 0.0001 and the lattice parameters are 
a = 3.864 ± 0.002, c = 20.160 ± 0.006 A. We note that 2zc = 3.88 is 
close to a « |. The spin wave intensity will oscillate as a function of Q 
peaking at l = 0,0.58, .. etc. and becoming zero at Qi = 2.59, 10.36, .. etc. 
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Figure 8.8. Qi variation of the spin wave cross section after correcting for the form factor, 
along (a) Q = (1.0, Qi) for a constant energy transfer of 6 meV (acoustic mode) and also that 
(b) along Q = (1.13, 0, Qi) for a constant energy transfer of 7 meV (optic mode) (from [15]). 



for the acoustic mode. The phase of the optic mode is shifted by 7r, so the 
intensity of this branch is zero at l = 0, 0.58, .. etc. and becomes maximum at 
Qi = 2.59, 10.36, .. etc. Fig. 8.8 shows the Qi variation of the spin wave cross 
section after correcting for the form factor, along Q = (1, 0, Q) for a constant 
energy transfer of 6 meV (acoustic mode) and also that Q = (1.13, 0, Q) for 
a constant energy transfer of 7 meV (optic mode). The continuous curve is the 
is a fit of the intensity with the equation (1). There is only a scale factor in the 
fit and the agreement is excellent. 

We already commented that the dispersion of the spin waves of the compound 
Lai. 2 Sri.gMn 207 cannot be fitted well by the localizes Heisenberg model in the 
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Figure 8.9. Dispersion of the acoustic branch along [100]. The continuous curve shows the 
dispersion calculated from equation (1) in which the gap A and the exchange interaction J a have 
been kept fixed to the values obtained by fitting only the low-q data (from [16]). 



entire q range. The deviation of the spin wave dispersion from the localized 
Heisenberg model can be seen in Fig. 8.9. The continuous curve shows the 
calculated dispersion where the gap A and the exchange interaction Jh have 
been kept fixed to the values obtained by fitting only the low-q data. It is seen that 
the calculated dispersion has a zone-boundary energy of about 46 meV, whereas 
the experimental value of the zone-boundary energy is only about 37 meV. There 
is a softening of the spin waves close to the zone boundary. The softening of the 
spin waves close to the zone boundary seems to be a generic feature of all doped 
ferromagnetic manganites. The minimal double exchange model discussed in 
the next section does not describe the zone boundary softening adequately. In 
order to describe the zone boundary softening in ferromagnetic manganites one 
probably needs to invoke the orbital and/or lattice degrees of freedom. 

Another important deviation of the spin excitations in the compound 
Lai. 2 Sri. 8 Mn 207 from the localized Heisenberg model is the strong damp- 
ing of the spin waves especially closer to the zone boundary. This is already 
illustrated in Fig. 8.5. The continuous curve in Fig. 8.5 is a fit of the intensity 
by a damped harmonic oscillator function. The damping T obtained from the 
fit is T = 4.0 ± 0.2 meV which is much larger than the instrumental resolution 
that is about 1-1.5 meV. this shows that the optic mode is already damped at the 
zone center. The damping increases as the momentum transfer q is increased. 
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Figure 8.10. Energy scans at T = 1.5 K close to the zone boundary corresponding to Q — 
(1.35, 0, 0.5), (1.40, 0, 5), and (1.45, 0, 5) (from [16]). 



We show in Fig. 8.10 energy scans at T = 1.5 K close to the zone boundary 
corresponding to Q — (1.35,0,0.5), (1.40,0,5), and (1.45,0,5). The full- 
width at the half maximum of these energy scans are as high as about 25 meV 
compared to the instrumental resolution that is about 5 meV. We have investig- 
ated spin wave damping Lai^Sri.gM^Oy as a function of momentum transfer. 
Fig. 8.11 illustrates the spin wave damping of Lai^Sri.sM^Oy. The figure 
has been constructed from the energy scans at T = 1.5 K at about 10 q values 
equally spaced in the range 0 < q < 0.5, i.e. in the range from zone center to 
the zone boundary. The damping of the spin waves especially close to the zone 
boundary is another generic feature of the hole-doped ferromagnetic mangan- 
ites. The DE model described in the next section gives damping that is much 
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Figure8.11. E-qplotof spin wave dispersion of Lai. 2 Sri.sMn 207 along [100]. Thespin waves 
are particularly damped at higher values of q close to the zone boundary 
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Figure 8.12. The low-q dispersion of the acoustic branch along [100] at several temperatures. 
The continuous curves are the results of least-squares fits of the data to the equation 8.3(from 
[16]). 



less than that observed experimentally. To describe the spin wave damping one 
may also has to invoke orbital and/or lattice degrees of freedom. The A-site 
disorder has also been considered as a possible source of damping [22]. 

5.2 Temperature dependence of the spin wave excitations 

Temperature dependence of the spin waves in the DE model differs from that 
of the Heisenberg model. This will be discussed in details in section 5. So it 
is important to investigate the temperature dependence of the spin waves. We 
have measured the temperature dependence of the low-q dispersion of the spin 
waves in Lai^Sri.gM^Oy on a cold triple-axis spectrometer. Fig. 8.12 shows 
the low-q dispersion of the acoustic branch along [100] at several temperatures. 
The continuous curves are the fit of the data with the equation 

hwAc{q x ) = A + Dq 2 (8.3) 

where A is the spin wave gap and D is the spin wave stiffness. Fig. 8.13(a) 
shows the temperature variation of the spin wave stiffness D which decreases 
continuously with temperature but does not become zero at Tq. The spin wave 
stiffness remains finite at T — 130 K which is above T c . The continuous curve 
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Figure 8.13. (a) Temperature variation of the spin wave stiffness constant D. (b) Temperature 

variation of the energy gap of the acoustic mode along [100] (from [16]). 

is the result of a least-squares of the data with the equation 

D = D' + D 0 (^Lf. (8.4) 

The finite value of stiffness constant at Tc rather than zero is another non- 
Heisenberg behavior of the hole-doped ferromagnetic manganites. Fig. 8. 1 3(b) 
shows the temperature variation of the spin wave gap A. The spin wave gap 
which is about 0.27 meV at T = 1.5 K decreases continuously and becomes zero 
at Tc . The continuous curve is the result of a least-squares fit with the equation 

A = A 0 (^=— — ) /? - (8.5) 

The data of the temperature dependence of the low-q spin wave dispersion 
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Figure 8.14. Energy scans of the optic mode at Q — (1.1, 0,2.5) at different temperatures 
(from [16]). 



in Lai. 2 Sri.gMn 207 are unfortunately neither sufficient nor accurate enough 
for any definite conclusions. Further investigations are necessary. We have 
also determined the temperature dependence of the acoustic mode at Q = 
(1.12,0,5.6) and optic mode at Q — (1.1, 0,2.5). Fig. 8.14 shows energy 
scans of the optic mode at Q = (1.1, 0,2.5) at different temperatures. Note 
that the width of the energy scans of the optic mode at T = 1 .5 K is already very 
large, much larger than the instrumental resolution. The energy width becomes 
even larger at higher temperatures. Fig. 8.15 shows temperature variation 
of the energy of the acoustic and the optic modes at Q = (1.12,0,5.6) and 
Q = (1.1, 0,2.5), respectively. 
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(1.12, 0, 5.6) and Q = (1.1, 0, 2.5), respectively (after [16]). 
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Figure 8.16 . Temperature dependence of the energy of the zone boundary acoustic mode at 
Q — (1, 0, 0) propagating along [001] (from [16]). 
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Temperature dependence of the energy of the zone boundary acoustic mode 
at Q — (1, 0, 0) propagating along [001] has also been measured and is shown 
in Fig. 8.16. The energy of this low energy spin wave decreases very slowly 
with temperature and does not become zero at Tq. The behavior of this mode 
is distinctly different from those of the higher energy acoustic and optic modes 
propagating along [100] at Q — (1.12,0,5.6) and Q = (1.1,0, 2.5), respect- 
ively. 

5.3 Nature of the ferromagnetic ground state in 
hole-doped manganites 

The nature of the ferromagnetic ground state in hole-doped manganites is still 
debated. There are several unusual features of the ferromagnetic metallic state in 
hole-doped manganites. The undoped parent compound is an antiferromagnetic 
insulator. It is known that for the undoped parent compound strong electron 
correlations, Hund’s rule coupling and Jahn-Teller effect are very important. 
The hole-doped manganites with a doping level x has a fraction x of the Mn 
ions in the Mn 4+ state and the fraction (1 — x) in the Mn 3+ state. Due to the 
hoping of the e g electron from the Mn +3 site to the neighboring Mn +4 site, 
the mixed valent manganite can be metallic. The hopping is proportional to the 
probability amplitude that the initial and final states have the maximum spin S = 
2 (Hund’s rule coupling) therefore the electron kinetic energy gain is largest 
for parallel or ferromagnetic configuration of the neighboring spins. This is 
the double-exchange (DE) mechanism repeated mentioned in many places of 
the present book. The ground state is expected to be a ferromagnetic metal 
because of the kinetic energy gained by the eg electron moving parallel to the 
aligned t 2 g spins. At higher temperature they become progressively disordered. 
Therefore the t g electrons can no longer propagate well and there is a transition 
to a paramagnetic insulating phase. The itinerant % electron carries along with 
it the Jahn-Teller distortion (polaron) which aids the transition or may be even 
its cause. The colossal magnetoresistance which is observed near the transition 
is due to the fact that a magnetic field, by partially aligning the spins makes it 
easier for the electrons to move. The above explanation of the ferromagnetic 
metallic ground state and the colossal magnetoresistance exhibited by them 
at the ferromagnetic phase transition is however only qualitative. There are 
several aspects of the hole-doped manganites which are not well understood: 
(1) The metallic state has resistivities which correspond to an electron mean 
free path smaller than a lattice spacing. (2) The magnitude of the colossal 
magnetoresistance is much larger than expected. A magnetic field of a few Tesla 
which is of the order of a few degrees K makes a large difference in electronic 
transport at temperatures of a few hundred degrees K. (3) The paramagnetic-to- 
ferromagnetic phase transition usually takes place below the insulator-to-metal 
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transition temperature at which the electrical resistivity shows a maximum. The 
metal-insulator transition in the hole-doped manganites is the most important 
property which distinguishes them from the classical ferromagnetic metals. 
(4) The zone-boundary softening (deviation from the dispersion expected in 
the Heisenberg model) observed in the spin wave dispersion has not yet been 
accounted for successfully. (5) The huge damping of the spin wave close to the 
zone boundary is also not explained quantitatively. In the next section the last 
two points will be discussed in more details. 

5.4 Comparison with infinite-layer manganites and other 
itinerant magnetic systems 

The hole-doped metallic ferromagnetic manganites are expected to have it- 
inerant character. Itinerant metallic ferromagnets such as iron and nickel, have 
been the subjects of investigation for more than half century. The spin waves 
in itinerant ferromagnets have been investigated by inelastic neutron scattering. 
The neutron scattering investigation of the spin dynamics of the doped ferro- 
magnetic manganites has made considerable progress. We have attempted to 
summarize the data obtained by neutron scattering in hole-doped manganites 
along with those of classical metallic itinerant ferromagnets. Mook [23] has 
suggested the ratios D/kT^ and Ezb^c as criteria for the itinerancy of the 
magnetic electrons. Here Ezb is the energy of the zone boundary magnon. 
These two ratios have high values for itinerant electron systems like Fe and 
Ni and are small for localized systems like EuO and EuS. Table 8.1 gives the 
ordering temperature Tc, spin wave stiffness D , zone-boundary magnon en- 
ergy Ezb and criteria for itinerancy and of the infinite-layer and 
bilayer manganites along with those of other known itinerant and localized 
magnetic materials. Comparing the ratios and of different materials 
from Table 1 we see that the doped ferromagnetic manganites which are close 
to the composition at which CMR effects are maximum, are of rather itinerant 
character. Especially the bilayer manganite is more itinerant that the infinite- 
layer manganites. In fact the ratio D/kT^ for Lai^Sri.gM^Or is as high as 
15.3 compared to 10.1 of Ni. The ratio Ezb^c for Lai^Sri.gM^Or is 3.35 
which is lower than that for Ni (6.43) but higher than that of PcfeMnSn (1.83) 
and Pt 3 Mn (2.05). 

It is not surprising that the hole-doped ferromagnetic metallic manganites 
are itinerant. More important is to determine the differences between the hole- 
doped manganites and the classical metallic ferromagnets like Fe and Ni. We 
have already pointed out in the previous subsection, some of the characteristic 
features of the ferromagnetic ground state of the hole-doped manganites show- 
ing CMR effects. In the next section we will discuss it on the basis of minimum 
DE model. 
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Table 8.1. Ordering temperatures Tc, spin wave stiffness D, zone-boundary magnon energy 
Ez b and criteria for itinerancy -jj=^ and 0 f the infinite layer and bilayer manganites along 

with those of other known itinerant and localized magnetic materials [16, 23]. 



Sample 


Tc(K ) 


D(meVA 2 ) 
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4.5(1) 


1 . 6 [ 001 ] 
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0.15 


Lao . 92 Cao . os M 11 O 3 


26.0(3) 


7.3(1) 


1.6[001] 


0.67 


0.15 


Lao.67Cao.33Mn03 
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Lao.ssSro.isMnOs 
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95(2) 


56[010] 


4.6 


2.76 


Lao.7Sro.3Mn03 


355 










Lao.7Bao.3Mn03 


350 


152(3) 


32[ 100] 


5.04 


1.06 


Lao.7Pbo.3Mn03 


355 


133.7 


35 [100] 


4.37 


1.14 


Lai.2Sri.8Mn207 


128 


169 


37 [100] 


15.3 


3.35[ 100] 


Ni 


631 


550 


350 


10.1 


6.43 


Fe 


1021 


281 


800 


3.19 


9.1 


MnSi 


40 


52 




15.8 




Ni 3 Al 


41 


85 




24 




Fe 3 Pt 


504 


80 




1.84 




Pd2MnSn 


190 


100 


30 


6.10 


1.83 


Pt3Mn 


453 


215 


80 


5.51 


2.05 


EuO 


69 


12 


6 


2.01 


1.02 


EuS 


10.6 


2.6 


2.3 


1.82 


1.61 



6. A theory of ferromagnetic spin waves in infinite-layer 
and bilayer manganites 

6.1 Introduction 

The manganites described in this book exhibit many different magnetically 
ordered phases, some metallic and some insulating, and a wide variety of dif- 
ferent magnetic transitions. By far the most widely studied phase, however, is 
the metallic ferromagnet (FM) found for dopings of 0.2 < x < 0.5 holes per 
Mn atom in a wide variety of mixed valent manganese oxides. 

This phase has attracted a great deal of attention over the last ten years because 
of the “colossal” magnetoresistance associated with its high-temperature phase 
transition from a paramagnetic insulator into a FM metal. Many questions about 
the nature of this transition remain unanswered, and it is clear that one cannot 
understand the global properties of the manganites without paying due attention 
to the roles of disorder, orbital degeneracy, and the associated lattice degrees of 
freedom. However, here we confine ourselves to a much more limited objective, 
namely that of understanding the low-temperature magnetic excitations of the 
FM phase, as measured by neutron scattering. 

To this end we will consider the single-orbital “double-exchange” (DE) 
model introduced by Zener [24] and codified by Anderson and Hasegawa [25], 




344 



COLOSSAL MAGNETORESISTIVE MANGANITES 



in the limit where the Hund’s rule coupling J\ is much greater than the electron 
hopping integral t. In principle one could treat disorder, orbital degeneracies 
and phonon-interaction effects using the formalism which we describe, simply 
by adding the extra terms to the Hamiltonian and patiently calculating the con- 
sequences. But it turns out that even the FM phase of the most minimal DE 
model has a rich and interesting behavior once quantum and thermal fluctuation 
effects are taken into account, and it is these that we address. 

Since various semi-classical and numerical treatments of the DE model have 
already been reviewed in the chapter on “Magnetic Excitations of the Double 
Exchange Model”, we concentrate here on developing a self contained descrip- 
tion of a “tailor made” spin-wave expansion for the DEFM, which will enable 
us to systematically explore the way in which fluctuation effects modify (or in- 
validate) the semiclassical mapping of the DEFM onto an effective Heisenberg 
model. We begin with a model of infinite-layer (pseudo-)cubic manganites 
such as Lai_ x Ca x Mn03, and then specialize to the case of bilayer systems. 
From this we will obtain results which can be compared directly with inelastic 
neutron scattering experiments on the the bilayer manganite L^Sri.gMnOa. 

6.2 Theory of ferromagnetic spin waves in an infinite 
layer manganite 

6.2.1 The minimal model. In order to keep our discussion as simple 
as possible, we will consider only the minimal DE model 

W = ~t 4a c j<* - yE S i-4a°<*0C i0 (8.6) 

(ij)a. ia(3 

Here cj a creates an itinerant electron with z-component of spin a =|, j at site i 
of a three-dimensional cubic lattice; Sj is a (fully quantum) local spin moment; 
and the components of <7 are Pauli matrices. The sum on lattice sites z, j in the 
kinetic energy is restricted to pairs of nearest-neighbor sites, and all details of 
the itinerant electron band structure are lumped into a single effective hopping 
integral t. The remaining adjustable parameters are the FM Hund’s-first-rule 
coupling Ji, which is the large energy scale in the problem, and the number x 
of itinerant electrons per site. 

The way in which this model relates to the canonical manganite 
Lai_ x Ca x Mn03 is summarized in cartoon terms in Figure 8.17. The par- 
ent undoped compound LaMn03 is a perovskite with an AF insulating ground 
state. From naive valence counting all Mn ions in LaMnCh are in a Mn 3+ 
state with four d-electrons. A strong Hund’s first rule coupling forces these 
to align their spins, to form a spin S — 2 moment. Substitution of Ca for La 
converts an equal number Mn 3+ to Mn 4+ ions which, having one less electron, 
are spin 5 = 3/2 local moments. Electrons in delocalized eg orbitals hop from 
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Figure 8.17. Approximately cubic lattice of Mn ions in Lai -xCa^MnOy, together with crystal 
field splitting and Mn d-electron orbitals and associated spin states in the mixed valent compound 
Lai_ x Ca x Mn 03 . 



Mn site to Mn site via intermediate 02 P orbitals (the process known as double 
exchange), while the t<i g electrons remain well localized. This physics is sum- 
marized by the DE Hamiltonian in which the three fe# electrons on a given site 
are treated as a moment S*, coupled to a single band of itinerant eg electrons 
by a strong FM on-site exchange interaction. The two-fold degeneracy of the 
e g levels is neglected. 

The role of this orbital degeneracy, which is crucial to so many of the prop- 
erties of the manganites, will be discussed at length in another chapter of this 
book, and elsewhere in this chapter in the context of bilayer manganites. So 
far as real infinite-layer materials are concerned, a single band model makes 
sense only where the static Jahn-Teller (JT) distortion typically found in the 
undoped parent compound has relaxed to the extent that the crystal, and the 
band dispersion of electrons and spin waves, possess an (approximate) cubic 
symmetry. 

Likewise, we make the equally reasonable, but equally arbitrary approxima- 
tion of assuming that the kinetic energy of the itinerant electrons stabilizes a FM 
ground state, and then examining fluctuations about it. For the dopings which 
we are interested in, there seems little reason to doubt that the ground state of 
the DE model is FM, but this issue is not as transparent as it might at first seem; 
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in particular numerics for a single orbital DE model in one dimension do not 
always find a ground state with maximal spin [26]. 

Leaving all these potential pitfalls aside, we now proceed to construct a “tailor 
made” spin-wave expansion for a DEFM, starting from the Hamiltonian above. 
Because the FM Heisenberg model (hereafter referred to as the HFM) forms the 
usual starting point for our understanding of FM spin waves in the manganites, 
we begin by briefly reviewing the spin-wave properties of the manganites and 
elementary theory of the HFM. Both will serve as points of reference when 
discussing the role of quantum and thermal fluctuations in the DEFM. 

The manifest failure of the HFM model to describe many of the qualitative 
features of INS spectra in the manganites provides us with an experimental 
motivation for the fully quantum spin-wave theory that we then develop. This 
can be applied to any magnetically ordered Kondo-lattice model, for all values 
of J\. Specializing to a DEFM in the limit Ji — > oo, we use it to calculate 
the leading quantum and thermal fluctuation effects present in the DEFM, and 
discuss the way in which the classical mapping of a DEFM onto a HFM breaks 
down once quantum effects are taken into account. 



6.2.2 Spin waves in ferromagnetic manganites and the ferromagnetic 
Heisenberg model. Magnetic excitations in undoped insulating manganites 
can be understood in terms of short-ranged exchange interactions between Mn 
local moments. By analogy to this, the simplest plausible model we could 
suggest for the FM phase of the doped materials is : 

Hhfm = —Jex Y; Sj.Sj (8.7) 

(G) 

where Jex > 0 is an (effective) FM exchange interaction between neighboring 
spin-5 local moments. In fact, as discussed in the chapter “Magnetic Excita- 
tions of the Double Exchange Model”, and as we will later show, at a classical 
level (i.e. for S — ► oo), the minimal DE model Eqn. 8.6 has exactly the same 
excitation spectrum as the nearest neighbor HFM Eqn. 8.7. 

The HFM supports a band of spin-wave states which are exact eigenstates 
of Eqn. 8.7, with dispersion 

CJq = zJexS[ 1 - 7q] (8.8) 



where 7 (q) is the relevant lattice Fourier transform. For a cubic lattice in 3D, 
z — 6 and 



7q 



cos q x + cos q y + cos q z 

3 



(8.9) 



The dispersion of spin wave in FM manganites can be measured by inelastic 
neutron scattering (INS) experiments. Neglecting all details of how differ- 
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ent orbitals enter into the structure factor, INS measures the retarded spin- 
susceptibility 

X "(q,Q) = dte~ m {lS + ( q,f),S-(q,0)]>} (8.10) 

For an ideal HFM, at temperatures well below the magnetic transition temper- 
ature T c , x // ( c l? £}) would be a narrow dispersing peak centered on Q = In 
the limit T — > 0 the width of this peak completely vanishes, since spin waves 
are exact eigenstates of the HFM. 

The main effect of temperature in the HFM is to normalize the overall scale of 
spin wave dispersion downwards by an amount which depends on the reduction 
of the overall magnetization of the FM. The form of the spin wave dispersion 
does not change , i.e. 



cu(q,T) 



where, for T <C JexS ~ T c 

B (ib 



B 



T 

JexS 




C (5/2) / T \ 5/2 
327 r 3 / 2 \JexS J 



( 8 . 11 ) 



( 8 . 12 ) 



and, to 3 s.f., £(5/2) = 1.34. The thermal renormalization of spin wave 
dispersion occurs at 0(1/ S), relative to the zero temperature dispersion In 
addition the mutual interaction of spin waves at finite temperatures gives the 
spin-wave state a finite lifetime, but this effect is small, being of 0(1/£P), 
relative to the zero temperature dispersion. 

So much for the model. The question that we must now address is, how well 
do the predictions of the nearest-neighbor HFM compare with INS data for the 
manganites ? 

The first full Brillouin-zone (BZ), time-of-flight measurements suggested 
that, at least for the high bandwidth lead-doped system Lq). 7 Pbo. 3 Mn 03 [27], 
the dispersion of the spin wave was of the form Eqn. 8.8. Small downward cor- 
rections to the spin-wave dispersion near the zone boundary were attributed to 
the finite value of Hund’s-rule coupling J \ . However, later triple-axis measure- 
ments on the strontium-doped praseodymium manganite Pio .63 Sro. 37 Mn 03 [28] 
identified two trends which have since been observed in a wide variety of sys- 
tems, namely a pronounced softening and broadening of the spin-wave peaks 
at higher energies. These trends become still more exaggerated at high temper- 
atures. In addition, while the thermal corrections to the spin-wave dispersion 
at low temperatures are broadly of the form Eqn. 8.1 1 [29], their overall scale 
is much bigger than would be expected for a HFM. 
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Departures from nearest-neighbor-HFM dispersion do not present a serious 
challenge to using an effective Heisenberg model to describe FM in the man- 
ganites. Just about any conceivable experimental spin-wave dispersion could 
be fitted by adding next-nearest-neighbor and other longer range interactions 
to the model. Furthermore, such ad hoc long-range exchange interactions can 
always be justified a posterei by adding long-range hopping integrals to the 
minimal DE model from which the effective HFM is derived. 

Where the HFM and the FM manganites part company is in the extent to 
which spin waves are damped at low temperatures (where the HFM predicts 
that spin waves are exact eigenstates) and the dramatic renormalizations to 
spin-wave damping and dispersion which occur at finite temperatures. For this 
reason it is important to understand which of the qualitative departures from 
HFM behavior seen in the FM manganites can be attributed to a breakdown of 
the widely discussed classical mapping between HFM and DE models. 

6.2.3 Spin wave expansion for a double exchange model. 

General arguments 

Before starting on the mathematical development of a spin-wave theory for 
the DEFM it is worth seeing how far we can get by common sense alone. We 
should start by thinking about the highest energy scale — the on-site Hund’s- 
first-rule coupling J\ — which works to align the spins of itinerant and localized 
electrons. The fact that the three localized \% g electrons of Mn 4+ form a spin 
S = 3/2 moment suggests that any itinerant electron hopping into an empty 
Q g orbital on that site must form an Mn 3+ ion with a spin S = 2 moment. 
Therefore we can safely work in the limit J\ — > oo, in which case the on- 
site exchange term in our model just acts as a local constraint forcing itinerant 
electrons into the state with maximal total spin on any given site. Once this rule 
has been enforced, the Hund’s-rule coupling drops out of the problem, and we 
are left only with the kinetic energy of the itinerant electrons. 

Let us suppose for a moment that the hopping integral t — 0, so that all 
electrons are localized. Then, if we distribute N e electrons among N lattice 
sites, each with a local moment of spin 5, the Hund’s-rule constraint means 
that we will have N e spin 5 + 1/2 moments and N — N e spin S moments, 
with no preferred spin or charge configuration, the situation illustrated in Figure 
8.18. Now, reintroducing a hopping integral t <C J\ will lift the degeneracy 
between these many different states. The ground state will be that in which 
the electrons have the most kinetic energy. Since it is difficult for electrons to 
hop between sites with different spin orientations without violating Hund’s first 
rule, the kinetic energy will act to align spins, and we anticipate that the ground 
state will be ferromagnetic. 
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Figure 8.18. Paramagnetic state in the absence of inter-site hopping (t = 0). 



Once ferromagnetic order is established, the electrons are free to propagate 
through the lattice and will form a tight binding band. However, the spin pro- 
jection enforced by Hund’s first rule means that there is now only one available 
state per site, and so these itinerant electrons are effectively “spinless”. The 
spin degree of freedom of the itinerant electron is now slaved to the local mo- 
ment that it shares a lattice site with, and is no longer an independent variable. 
Of course the local moments are free to reorientate themselves at the cost of 
some kinetic energy, so as well as possessing a band of (spinless) electrons, the 
DEFM has a band of low-energy spin waves. Since the hopping of electrons 
acts as a perturbation between different degenerate spin states, the dispersion 
of the spin waves — and all other magnetic energy scales — must be directly 
proportional to t . 

It is important to remember that, just as the ferromagnetic order parameter 
contains contributions from both itinerant and localized electrons, so the spin 
waves are built of rotations of the composite spin of itinerant and localized 
electrons. If we treat the system classically, this distinction is lost, since we 
cannot meaningfully distinguish between a spin S and a spin 5 + 1/2 moment 
in the limit where S — > oo. However the classical limit of the DEFM is very 
easy to understand, and it is at this level that it is usually discussed. 

Classically we need to consider only the “average” effect of the electrons 
on the spins, and vise-versa. The average effect of electrons on the spins 
is to generate a ferromagnetic coupling between neighboring spins, and at a 
semi-classical level we can formally map the DEFM onto an effective HFM. 
The average effect of the spins on the electrons is to remove half of the states 
per site so that they are, effectively, spinless. At this level, then, spin and 
charge are independent, non-interacting excitations, a situation summarized in 
Figure 8.19. Going beyond the classical picture of the DEFM means studying 
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Figure 8.19. DEFM for t > 0 and semi-classical mapping onto independent spin and charge 
excitations in limit J\ — > oo, S — > oo. 



the way in which spin and charge interact. This interaction transforms both spin 
waves and band electrons from good eigenstates into damped quasiparticles. 

We already know that this interaction originates in the kinetic energy of the 
electrons, and so should be proportional to t. Since it must vanish in the classical 
limit S — > oo, it seems reasonable to assume that it scales as t/S. The structure 
of the interaction is also clear. Because the spin of the electrons is bound up in 
the spin-wave excitations, no angular momentum can be transferred when an 
electron scatters from a spin wave. This means the number of spin waves and 
the number of electrons must be conserved separately in all scattering events 
— a spin wave meeting an electron scatters into another spin wave, with the 
energy and momentum transferred being taken up by the recoil of the electron. 
If we adopt the notation {/ k , / k ,} = 5 kk' for spinless electron operators and 
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Figure 8.20. Interaction between spin waves (wavy lines) and spinless electrons (straight lines). 



characterize the spin waves with a set of bosons [5q, ,] = 5 qq /, we a good 

guess for the form of interaction between spin and charge is 

V ~ ^ ^ 24/1 /2®3®4^1+3— 2— 4 (8.13) 

k] ...k 4 

where only the numerical prefactor and the momentum dependence of the scat- 
tering amplitude ~ t/S remain to be determined. To do this, however, we 
need to start again at the beginning. 

6.2.4 Transformation to local basis. Starting at the beginning means 
looking first at the basic building block of the Kondo-lattice model, the Kondo 
“atom” defined by 



Hi = — JiS.s (8.14) 

where 

s = (8.15) 

aft 

This can easily be diagonalized in the basis of eigenstates of total spin 



T = S + s 



(8.16) 



in terms of which 

Hi = -y [T 2 - S 2 - s 2 ] = -y [T{T + 1) - S(S + 1) -s(s + 1)](8.17) 

where 5 is the spin quantum number for the itinerant electron, and the total-spin 
quantum number T can take on values T = S ± s. 
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There are four possible states. The lowest energy state for ferromagnetic 
J\ > 0 has the eigenvalue E = — J\S/2. It corresponds to one itinerant electron 
being perfectly aligned with the local moment to give a total spin T = S + 1/2. 
If we wish to use the DEFM as a toy model of Lai_ x Ca x Mn 03 , then this 
corresponds to an Mn 3+ ion. There are two states with eigenvalue E — 0 
and total spin T — S. In these the itinerant-electron orbital is either empty 
or doubly occupied. The case of the empty orbital corresponds to an Mr? + 
ion. The state with a doubly occupied orbital would in a more realistic model 
be shifted to very high energy by on-site (Hubbard U) Coulomb interactions. 
There is also a high-energy, low-spin state with energy E — Jy(S + l)/2 and 
total spin T = S — 1/2. This has one itinerant electron perfectly “anti-aligned” 
with the local moment. 

It is easy to write down a fermionic Hamiltonian with the same eigenvalues, 
namely 



Hi 



JiS 



Pf - p^p 




Pfp ] p 

s 



(8.18) 



where we introduce one Fermi operator {/, = 1 to describe high-spin 

states, and another Fermi operator {p, pt } = 1 to describe low-spin states. 
Classically, i.e. to leading order in 1 /S', this Hamiltonian has the form of a Zee- 
man splitting E = ±JiS/2 between a local “up” and a local “down” electron. 
The corrections to the energy of the low-spin state, and the new four-Fermion 
term which occur at the next order in 1/S are entirely quantum mechanical in 
origin. The new feature is the attractive interaction between the two types of 
electron, which would act to partially screen the on-site Coulomb interaction, 
had this been included in the model. 

Next we need to introduce a bosonic description of the spin algebra of the 
total spin T. To do this we start from the usual bosonic Holstein-Primakoff 
representation of a quantum-mechanical spin [30] 



S z = 
- 



s~ = 

where the Bosonic commutation 
2 S z , and generalize to the case 
operator 



S — a) a 


(8.19) 




(8.20) 




(8.21) 


relation [a, at] = 1 ensures that [S + ,5 ] = 
in which the length of the spin is itself an 



T = S + 



pf - p^p 



2 



( 8 . 22 ) 
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f+ ^ - if) T = S+ 1/2 

p + # = if t = s - 1/2 

si' 

T = if' and T f = ^ 

V. ' 

rpH- *** ' / * \ . 

t = : .t ; e,c - 

Figure 8.21. Cartoon illustration of new operator coordinates. 



such that 

T z = + 

T*= S + + c|c l 

T + = S + + c{c T 

The definitions of the various operators in our new basis are illustrated in cartoon 
form in Fig. 8.21. 

Finally, we express the composite spin operators {/,p, a} in terms of the 
laboratory frame operators {cj , Cj , a}, where a is the Holstein-Primakoff Boson 
for the core spin S', and then invert the transformation to obtain a representation 
of the {c|, C|, a} in terms of {/,p, a}. This can be accomplished in a number 
of ways. The most direct, but by far the most laborious, is to expand each 
operator order by order in the small parameter l/\/S, and to use the many 
constraints — for example the various canonical (anti-)commutation relations 
between operators, to constrain the coefficients of each term in the series. This 
approach is described in some detail in [31], where an exact solution of a two- 
site problem is used to check the results obtained to 0(1/ &). Another less 
direct, but ultimately less painful approach is to first write down a Schwinger — 
Boson quantization of the composite spin, and then to derive the HP boson 
expansion from that [32]. If carried out sufficiently carefully, both approaches 



— T — a^a (8.23) 

= VZT^l-^a (8.24) 

= 8* <8.25) 
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yield exactly the same results, here quoted to (9(1/5) only : 



o = a 



f = c T 



P = q 



1 + 



c \°i - 4 c t 

45 

a)a + cjcj 



45 



+4^+... 

y/2 5 

c | 

+ -4= + ... 



a^a + c-jcj 
1 45 



y/2 5 

C|a 



+ ... 



(8.26) 

(8.27) 

(8.28) 



and its inverse, which is identical up to the sign of terms at odd order in l/y/S 



a = a 



i + 



V 



p-pf 

45 



Pp 

y/2 5 



+ 



(8.29) 



c T 



a^a + p J p 

45 



■t T 



pa t 

V2§ + "' 



(8.30) 



C 1 



P 



1 - 



a'a 






45 



fa 

+ V2$ + 



(8.31) 



Before we apply the inverse transformation (Eqs. (8.29-8.31) and terms at 
higher order) to the special case of DEFM, we wish to emphasize that it can 
be used whenever the Hamiltonian Eq. (8.6) has a magnetically ordered ground 
state, be that ferromagnetic, antiferromagnetic, canted, or even some combina- 
tion of spin and charge order. And, since all Fermi and Bose operators are well 
defined, it provides a suitable starting point for constructing a diagrammatic 
perturbation theory of spin and charge excitations in such a system. 



Spin-wave expansion and classical limit 

We have now accomplished the first step of our “common-sense” program to 
derive a spin-wave expansion, namely to correctly describe the atomic physics. 
The next step is to reintroduce the lattice, and the kinetic energy of the itinerant 
electrons. This is now very easy. We take the kinetic energy term 

Ho = C L c ia (8-32) 

(ij)a 

substitute for up- and down-spin electron operators with the expressions 
Eqn. 8.30 and Eqn. 8.31, and Fourier transform. Since, in the case of the 
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DEFM, p electrons are unwanted high-energy excitations, we dispense with 
them entirely, to obtain 

H 0 = H' 0 + V 2 + V 4 + 0(1/ S*) (8.33) 

where 

K = 5>/iVi (8.34) 

ki 

V 2 = ^ ^24 3 /l t /24«4^1+3-2-4 (8-35) 

ki ...k 4 

v 24 = + ( e i+3 + e 2+4) - (ei + ( 2 ) (8.36) 

V 4 = ^g2^2 vMylf2ala\a b a 6 Si +3+4 ^2~5-6 (8.37) 

ki...k 6 

?; 256 = ^ [^1+3—5 + G+3— 6 + G+4-5 + G+4-6 - 4ei 

<42+6-4 + ^2+6-3 + ^2+5-4 + <42+5-3 “ 4c 2 ](8.38) 

All energy scales are set by the electron dispersion, which for the simple nearest- 
neighbor tight-binding kinetic energy Eqn. 8.32, is given by <& = —zt^. The 
only role of the Hund’s-rule coupling term H\ is to fix the chemical potential 
for the remaining / electrons, so we drop it from further consideration. It is also 
clear from inspection of this expression that the leading vertex for interaction 
between charge and spin excitations at 0(1/ S) has exactly the form Eqn. 8.13 
which our “common-sense” arguments lead us to expect. 

Having derived a fully quantum-mechanical large-S' expansion scheme for 
the DEFM, the first thing we should do is to check that, in the limit S — > oo, it 
reproduces the classical theory presented in the chapter “Magnetic Excitations 
of the Double Exchange Model”. As already discussed, the dispersion of spin 
waves in the DEFM originates in their interaction with electrons. At a classical 
level the spins “see” only the average density of electrons, and this generates an 
effective exchange interaction between neighboring spins, which is proportional 
to the average kinetic energy per bond. Diagrammatically, this corresponds to 
Figure 8.22a, where a wavy line denotes the bare Green’s function for the a 
spin bosons 

7? 0 (q ,in n ) = (itt n )- 1 (8.39) 

and a straight line the Green’s function for band electrons 

C/ 0 (k, iu n ) = (ioj n - e k + + _1 (8.40) 
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Figure 8.22. Feynman diagrams for spin waves in a DEFM. 



where ifl n and iu n are, respectively, Bosonic and Fermionic Matsubara fre- 
quencies, and fi is the chemical potential for electrons. Following the usual 
rules for diagrammatic perturbation theory, the spin self-energy at 0{ 1/S) is 
given by 



k'q — off nk e k] (8-41) 

where k) is a Fermi function. Expanding Eqn. 8.41 for small wave 

number, we find 



U; q ~ 



Dq 2 — A.q 



where the spin stiffness is given by 



D 






d 2 e k 
dk 2 



(8.42) 



(8.43) 



and the coefficient 



A - -sE 



<9e k 

2S ^ Uk dk 
k 



(8.44) 



is proportional to the density of any current carried by the itinerant electrons. 
For all practical purposes, A vanishes as the ratio of the drift velocity to the 
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Fermi velocity, and so can safely be ignored. However, formally, any term 
linear in q shifts the minimum of the spinwave dispersion to finite momentum, 
and so destabilizes the FM groundstate. This serves to illustrate that, even at a 
classical level, there are important differences between a DEFM and a HFM. 

Provided the FM ground state is stable, we can evaluate the sum on mo- 
menta in Eqn. 8.41 using the symmetries of the nearest-neighbor tight-binding 
dispersion <5k, to find a classical spin-wave dispersion 

Wq E = zJ DE S[ 1 - 7 q] (8.45) 

which is of exactly the same form as that for the HFM Eqn. 8.8. The effective 
Heisenberg exchange coupling between neighboring spins is given by 

■ ,DE = (846) 

k 

which is the average electronic kinetic energy per bond in the lattice. This van- 
ishes for either a full or an empty band, has a linear dependence on hole(electron) 
dopings at low carrier density, and a maximum for intermediate band filling. 
The scale of Joe found for dopings x ~ 0.3 holes per site (which are relevant 
to FM manganites with the maximum T c ) is reasonable [33, 34], however the 
minimal model Eqn. 8.6 cannot predict the correct phase diagram, or the cor- 
rect doping dependence of the effective exchange interaction Joe , since it does 
not take account of the lattice and orbital effects which help stabilize non-FM 
phases. This issue will be discussed further in the context of bilayer systems. 

We have now established the classical mapping between the DEFM and the 
HFM on a formal basis. The mapping is valid as long as the system remains 
FM, and we neglect fluctuation effects coming from the thermal excitations of 
spin waves, or the quantum excitation of virtual particle-hole pairs. So far all 
our elaborate transcription of the Hamiltonian has given us is a much simplified 
derivation of a result that was anticipated by other means more than forty years 
ago [35]. Its merit will become apparent when we go on to examine quantum- 
and thermal-fluctuation effects occurring at higher order in 1/S. 

6.2.5 Quantum and thermal fluctuations in the DEFM. 

Classical versus quantum 

At a classical level, as we have seen, it is possible to map the spin-wave 
excitations of a metallic double-exchange system onto those of an insulating 
super-exchange system. This identity breaks down once fluctuation effects are 
taken into account because the DEFM is not an insulator, which means that the 
number of electrons on any given site of the lattice is not fixed. 

The Goldstone mode in a DE system is a uniform rotation of the total mag- 
netization of the itinerant and localized electrons. The corresponding band of 
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Figure 8.23. Dispersion of spin waves in a cubic DEFM with a doping x = 0.3 holes per site 
and spin S = 3/2, in units of the electron bandwidth 2 zt = 1.0. Solid line — dispersion of 
classically equivalent Heisenberg model. Dashed lines — dispersion of DEFM including leading 
quantum corrections. 



spin — wave states are Bloch waves in which the total spin of the local moment 
and the itinerant electrons rotate together, and with definite phase. Since fluctu- 
ations in the density of itinerant electrons lead to fluctuations in the size of the 
effective moment at any given site, they in turn lead to an interaction between 
spin waves. In contrast to the HFM, where all interactions between spin waves 
vanish at T = 0, the density-fluctuation mediated interaction in the DEFM is 
effective at T = 0. 

It is not too difficult to calculate the consequences of this interaction to 
0(1/ S 2 ) using a diagrammatic perturbation theory for the collective spin bo- 
sons a. In keeping with the spirit of large-S expansions of the HFM, we assume 
that the magnetic properties of the DEFM are dominated by a well defined pole 
in X>(q, ifl n ). The new Feynman diagrams which need to be considered at 
0(1/ S 2 ) are shown in Figure 8.22b-d). The role of these various self — energy 
corrections and their evaluation is discussed at some length in [34] . It is possible 
to show explicitly, by expanding for small wave number, that the dispersion of 
the spin waves vanishes as q — > 0, as required by Goldstone’s theorem. Below 
we summarize those results most relevant to experiment, concentrating on the 
doping range x — 0.30-0.37 holes per site. 

Quantum corrections so spin wave dispersion atT = 0 

The diagram Figure 8.22b) describes a retarded interaction between spin 
waves mediated by the charge susceptibility of the itinerant electrons. This 
dynamically generates interactions between non-nearest-neighbor spins, and 
so modifies the form of the spin-wave dispersion. Corrections to the nearest 
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Figure 8.24. Damping of the spin wave on the mass shell as a function of momentum throughout 
the BZ for a cubic DEFM with a doping of x = 0.3 holes per site and spin S = 3/2, in units 
of the electron bandwidth 2 zt — 1.0. The volume enclosed by the Fermi surface is denoted by 
shading. 



neighbor HFM dispersion Eqn. 8.8 can lead to either a softening of spin waves 
towards the zone boundary, as seem in experiment, or to a softening around the 
zone centre, depending on the doping of the model. However, the predominant 
effect of quantum corrections to the spin wave dispersion at 0(1/ &), is to 
renormalize the overall scale of the spin-wave dispersion downwards. This 
effect is considerable, as illustrated in Figure 8.23. In fact, only at temperatures 
approaching the transition temperature T c are the thermal corrections to spin- 
wave dispersion in a DEFM comparable in size to the quantum corrections at 
T = 0. 



Damping of spin waves at T = 0 

The changes in spin-wave dispersion at 0(1 /S 2 ) do not by themselves inval- 
idate the mapping of the DEFM onto an effective HFM, they merely complicate 
it by forcing the introduction of longer range effective exchange interactions. 
However the charge-mediated interaction between spin waves in the DEFM 
has another more significant consequence — the spin waves can decay into 
lower energy states by giving up energy to electron-hole pairs, and so become 
damped. 

We can obtain an estimate of the width of the peak seen in INS experiments by 
calculating the damping of spin waves on the mass shell. The relevant diagram 
is once again Figure 8.22b). Numerical values for T q throughout the BZ of a 
cubic DEFM are shown in Figure 8.24. The damping of spin waves is clearly 
large, especially near the zone boundary, and strongly momentum dependent. 
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Figure 8.25. Thermal corrections to the spin-wave dispersion of a cubic DEFM with hole 
doping x = 0.33 and S = 3/2 for q = (7r/2, 7t/2, 7t/2) (points) compared with those for a 
classically equivalent Heisenberg FM (solid line). While the functional form of the corrections 
is similar, their magnitudes are very different. The inset shows the crossover from T 5 / 2 behavior 
at low T to T 3 / 2 behavior at T > J\S. 



Thermal corrections to spin wave dispersion 



Thermal corrections to the dispersion of the DEFM are large, and have a 
complicated dependence on temperature, momentum and doping. Their exotic 
behavior at low doping in particular is discussed at some length in [34]. How- 
ever, for experimentally relevant dopings, thermal corrections in the DEFM 
have a similar temperature dependence to those in a HFM exhibiting, a 7^/ 2 
behavior at low T crossing over to a T 6 / 2 at higher temperatures. Where they 
differ is in having an enhanced and (weakly) momentum-dependent prefactor. 

Crudely put, thermal corrections in a DEFM are about five times as big as 
those in a HFM. In addition, while in a HFM thermal effects reduce the overall 
scale of spin-wave dispersion without changing its form (see Eqn. 8.11), in a 
DEFM the form of the dispersion is modified at finite temperatures. This means 
that the ratio of spin-wave energies at different fixed momenta is independent of 
temperature in the HFM, but depends on temperature in the DEFM. Therefore 
measurements of the temperature dependence of the spin stiffness D alone do 
not give a complete picture of finite-temperature effects in the DEFM. 
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6.3 Theory of ferromagnetic spin waves in a bilayer 
manganite 

6.3.1 Minimal model of a double exchange bilayer and T = 0 fluctu- 
ation effects.. We now construct a model for FM excitations in a bilayer 
manganite, concentrating on La2_2xSri + 2xMn207. This system has well- 
spaced pairs of conducting planes and empirically exhibits very little spin-wave 
dispersion perpendicular to these planes. Therefore we are justified, in the first 
instance, in using a model with only a single pair of planes — a single FM 
bilayer. 

We take as a minimal model for a single bilayer the simplest possible exten- 
sion of Eqn. 8.6, namely 

TLde = ~t E C l\a C j^& ^-L ^ { C llo C *2Q + h. C. j 

(ij)Xa id 

-y (8.47) 

iXad 

where the sum on (ij) connects neighboring sites in the layer A = {1,2} and 
a = {j, }} is a spin index. 

Once again this model represents a considerable simplification of the true 
picture. In particular, in bilayer systems, there is a static Jahn-Teller distortion 
of the oxygen octahedra, which means that the two eg orbitals are no longer 
degenerate. The way in which the lifting of this degeneracy generates an aniso- 
tropy in exchange couplings is discussed in detail in section 7 of this chapter. 
Here we take account of in the simplest possible way, by allowing the in-plane 
hopping integral t to take on a different value from the inter-plane hopping 
integral t±. 

We can derive a spin-wave expansion for Eqn. 8.46 following exactly the 
same steps as for the infinite-layer system, by introducing new Fermi fields / 
and p and a collective spin boson a, and then using the limit Ji oo to project 
out all high-energy, low-spin states. The end result is 

H = Ho + V 2 + O(l/S 3 ) 

*o = E^/Uo + oJ/U, (8.48) 

k 

V 2 = y E Z W 2j 3 I'^V2^«L«4^1+3-2-4<5 ?J+1 ,_ > ,'_^ 

ki---k4 rirj'uv ={0.7r} 

where we have dropped the four boson term V4, which plays no role at zero 
temperature. The in-plane momentum k takes on values within a two dimen- 
sional square BZ, while v - 0 or n is the momentum perpendicular to the plane. 
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The dispersions of the binding and anti-binding electron bands are given by 
e£ = ek — t l and + t± respectively, where e k = — 7k and, for a 

2D square lattice, % = (cos k x + cosk y )/2. Once again, this Hamiltonian is 
a suitable starting point for a diagrammatic perturbation theory, albeit a some- 
what more involved one. Details, together with the explicit form of the eight 
spin-wave/fermion interaction vertices are given in [43]. 

The bilayer system has two spin-wave branches, a low energy acoustic 
branch in which the spins of the two layers move in phase (labeled 0), and 
a higher energy optic branch in which they move out of phase (labeled 7r). At 
a classical level, i.e. to 0(1/ S) 9 the dispersion of these two branches is de- 
termined by the (different) average values of kinetic energy for in-plane and 
inter-plane bonds. We find 

^ = ZJ DE S[ l-7q] 

u >1 = zJ DE S[l-j q \ + 2J? E S (8.49) 

where J DE , the effective exchange interaction within the plane, is given by 

jDE = ^ Y1 7* t n k + K] ( 8 ' 5 °) 

k 

and J EE , the effective exchange interaction between the two bilayers, is 

J f £= 2 ^2^X][ n k- n k] ( 8 - 51 ) 

k 

Here we use the notation = (/k 0 /ko) an< ^ n k “(ZiL/kTr) to denote the 
occupation numbers of the binding and anti-binding bands. The necessary 
integrals to find the doping dependence of J DE and J EE can be carried out 
analytically [43]. Our results at this order reproduce earlier calculations of the 
classical spin wave spectrum in a DE bilayer [14, 15]. 

The leading quantum-fluctuation effects at T = 0 can be calculated dia- 
grammatically, just as in the case of the infinite-layer system. The main con- 
sequences of these are : 

■ spin waves are damped excitations with a strongly momentum-dependent 
width of order 10 % of their dispersion 

■ the overall scale of a spin-wave dispersion is renormalized downwards 
by approximately 40 % 

■ the dispersion of acoustic and optical spin-wave modes is modified rel- 
ative to its classical 1 — % form 
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Figure 8.26. Dispersion of the acoustic spin-wave branch of Lai. 2 Sri. 8 Mn 207 in the [100] 
direction, as measured by Chatterji et. al.[\6] (diamonds), Hirota et. al.[ 18] (crosses) and 
Perring et. al. [20] (squares), together with a classical (HFM) extrapolation of a fit to the spin 
stiffness in the zone center (solid line) and the prediction based on Eqn. 8.48 with quantum effects 
included (dashed line). Inset — deviations from simple 1 — cos q x dispersion, for experimental 
data (Chatterji et. al. [16] — squares), and for the DE model including quantum fluctuations 
(circles). The shaded area is a guide to the eye. 



■ the gap between optical and acoustic spin-wave branches becomes mo- 
mentum dependent 

where the numbers quoted are specific to a doping of x = 0.4 holes per site. 
Further details are given in [43]. 

6.3.2 Comparison with experiment. We are now in a position to 
compare the quantitative predictions of the minimal model Eqn. 8.46 with ex- 
perimental data for the FM bilayer manganite Lai^Sri.gM^Oy. Bilayer man- 
ganites have been investigated by a number of groups [14, 15, 16, 17, 18, 19,20], 
ana general consensus has been reached that the data are not consistent with 
a simple nearest-neighbor Heisenberg model dispersion of the form Eqn. 8.48 
[18, 15, 16, 17]. In Fig. 8.26 we show a representative selection of experimental 
data for the dispersion of the acoustic spin-wave mode in the [100] direction 
in Lai. 2 Sri. 8 Mn 2 C> 7 . If we take the spin-stiffness measured in the zone centre, 
and extrapolate to the higher wavenumber according to Eqn. 8.48, we overes- 
timate the dispersion at q = (0.5, 0, 0) by about 15 %, as shown by the upper 
solid line in Fig. 8.26. Thus, the acoustic spin-wave branch in the bilayer 
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Figure 8.27. Damping of acoustic spin wave modes on the line TX. Points with error bars — 
experimental data for Lai. 2 Sri.sMn 207 taken from [38]; lower solid line — theoretical predicted 
damping for minimal model with x — 0.4, t = 0.175eV, t — O.leT. The dashed line is a guide 
to the eye. 



system LaoSri shows the same kind of “softening” towards the zone 

boundary as is seen in infinite-layer compounds such as Pio. 63 Sro. 37 Mn 03 [28]. 

It is natural to ask whether this softening originates in the quantum effects 
which we have calculated ? 

The answer, sadly, is no. 

The doping of the model is determined to be x — 0.4 holes per site by 
the valency of the Mn in Lai^Sri.gM^Oy. We fix the values of the hopping 
integrals to be t — 0.175 eV and t± = 0.1 eV, such that at a classical level, 
i.e. to 0(1/ S), we correctly reproduce the gap between optical and acoustic 
branches in the zone centre, and overall bandwidth of the acoustic spin-wave 
branch. If we then go on to include the leading quantum corrections predicted 
by the DE model at 0(1/ S 2 ), they will drive the net spin-wave dispersion well 
below the data. This level of approximation is shown by the lower dashed line 
in Fig. 8.26. Of course, we are at liberty to rescale t and t±, such that the overall 
scale of dispersion is correct, with leading quantum effects included. However 
doing so does not really help, since the form of the deviations from classical 
behavior predicted by the DE model are qualitatively different from those seen 
in experiment. This is illustrated in the inset to Fig. 8.26. 

Clearly the minimal model Eqn. 8.46 lacks some essential ingredient. We 
learn very little about what this is on the strength of deviations from Eqn. 8.48 
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alone. In fact we could easily “fix up” the model by adding some combination 
of non-nearest-neighbor hopping integrals and/or additional super-exchange 
interactions between core spins — these are generated naturally in the DE model 
at finite J\ [32] — until theory fitted experiment. However such tinkering would 
not introduce any new scattering mechanism for spin waves into the problem, 
and so would not affect the scale of the spin-wave damping which the model 
predicts. 

All of which begs the question; how do our predictions for spin-wave damp- 
ing compare with experiment ? 

Fig. 8.27 shows the experimentally observed widths of the INS energy scans 
as a function of momentum transfer for the same acoustic spin-wave branch 
in the [100] direction, along with that obtained from the present theory (con- 
tinuous line), calculated for the parameters t — 0.175 eV and t± = 0.1 eV. 
Data measured at different neutron sources have been plotted together for un- 
biased comparison. The damping which we calculate has a similar momentum 
dependence to that observed, but is smaller by a factor of about four. Some 
part of the difference in absolute value between theory and experiment can be 
explained by the fact that, as discussed above, the parameters t and t± were 
chosen so as to correctly reproduce the spin-wave bandwidth at a semi-classical 
level. However using a more realistic value of t would increase the predicted 
spin-wave damping by, at most, a factor of two. 

So our conclusion is that the minimal DE model fails to explain the softening 
of zone-boundary spin waves in Lai^Sri.gM^Oy, but can explain up to about 
50% of their width. The failure to fit the softened dispersion could almost cer- 
tainly be remedied, at the price of introducing a few new adjustable parameters 
into the model. However the underestimate of the spin-wave damping cannot 
be explained away so easily. It seems clear that spin waves in the bilayer man- 
ganite Lai^Sri.gM^Or are subject to a scattering mechanism which is simply 
absent from the minimal DE model. 

6.4 Status of theory 

The spin-wave theory which we have developed here offers a controlled 
means of calculating the spin-wave properties of a wide range of magnetic- 
ally ordered Kondo lattice models, including the minimal DE model applied 
to FM manganites. In the case of the DEFM, we learn that both quantum and 
thermal fluctuation effects distinguish the DEFM from the HFM, leading to 
departures from the spin wave dispersion predicted by a nearest-neighbor Heis- 
enberg model, a pronounced damping of spin waves at zero temperature, and 
a strong enhancement of finite temperature corrections to spin wave dispersion 
and damping. Qualitatively , all of these features are seen in INS experiments 
on the CMR manganites. When it comes to a quantitative comparison with 
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experiment, however, our is best viewed as a good point starting point in the 
quest for a more realistic model, and not as the final answer to the many puzzles 
posed by experiment. 

The treatment of the DEFM presented here is amenable to a number of 
small improvements. For example, one could use a more realistic dispersion 
for the itinerant electrons, add super-exchange interactions to the Hamiltonian 
(especially those generated by virtual processes at finite t/ J\), and explicitly 
calculate the incoherent contributions to the INS response function at finite S. 
None of these refinements, however, is likely to solve the problem of the 50- 
75% of the spin-wave damping which seems to be missing from the minimal 
DE model of a bilayer manganite. 

Various suggestions have been made as to what the additional source of 
scattering of spin waves in manganites could be, including optical phonons 
[44], orbital fluctuations [45] and substitutional disorder [22]. It is clear that in 
the real materials lattice dynamics, disorder, and orbital degeneracy all have a 
role to play, and none of these is present in the minimal DE model Eqn. 8.6. 

In principle terms representing each of these new pieces of physics can be 
added to Eqn. 8.6, and their consequences calculated. However, as yet no 
theory exists which treats all of these additional scattering mechanisms on an 
even footing with the pronounced fluctuation effects present in the minimal 
DE model. This remains an open challenge for those seeking quantitative 
understanding of the magnetic excitations in the CMR manganites. 

7. Doping dependence of the exchange energies 
in bilayer manganites. 

In this section we discuss the origin of strongly anisotropic doping depend- 
ences of the ferromagnetic exchange energies observed in bilayer manganites. 
We argue, that the observed striking doping dependence can be explained by 
invoking the orbital degrees of freedom. We extended double-exchange pic- 
ture, described in the previous section for orbitally non-degenerate case, to the 
realistic situation with two e g orbitals with the peculiar transfer amplitude. 

7.1 Experimental observations 
and qualitative picture 

Recent spin- wave measurements on the bilayer manganites 
La 2 - 2 xSri + 2 xMri 207 (in the doping range x — 0.3 — 0.5) have revealed 
strongly anisotropic doping dependence of the inter-layer (within the bilayer) 
(J_l) and of the intra-layer («7j|) exchange energies. [18, 20] For example, at 
x = 0.3 both exchange constants are ferromagnetic and of the same order 
J l= 5 meV, and Jy= 4 meV.[18] With further doping (x > 0.3), J\\ changes 
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very slightly while inter-layer exchange rapidly decreases, by a factor of four 
at x = 0 . 4 , and changes sign at x ~ 0 . 45 . 

As it has been already discussed in previous section, the FM coupling between 
the nearest-neighbor t2 g core spins is mediated by the hopping of itinerant elec- 
trons and scales as a kinetic energy of these electrons on a given bond. The 
itinerant electrons occupy two e^-orbitals (d x 2_ y 2 and d 3z 2_ r 2 orbital states) 
which are degenerate in the absence of any Jahn-Teller distortion. A d x 2_ y 2- 
orbital has a planer character and due to that has zero hopping along the direction 
perpendicular to the plane. A d ^ z 2 _ r 2 -orbital is axial and is only one which has 
finite inter-layer transfer amplitude (z-axes is set perpendicular to a bilayer). 
Hence inter-layer exchange is only meditated by the axial orbital. While the 
intra-layer one is mainly determined by the d x 2_ y 2 (in-plane) orbital state, that 
has a highest intra-plane transfer amplitude. 

Therefore, it is tempting to ascribe above discussed decrease of the inter- 
layer exchange constant with doping to the change of the nature of occupied 
orbital state from mainly d$ z 2_ r 2 character, at low doping x < 0 . 3 , to mostly 
d x 2_ y 2 one at higher doping. [ 18 , 20 ] This qualitative picture is also supported 
by the recent x-ray magnetic Compton-profile measurements. [ 46 ] The results 
of this experiment have shown that upon doping (for 0.35 < x < 0.45 ) the 
electrons are mainly withdrawn from d^ z 2_ r 2 orbital state and the occupancy 
of d x 2_ y 2 state remains practically the same. 

We would also like to point out, that the observed doping dependence of the 
exchange constants and of the orbital occupancy, being interrelated, can not be 
understood within a rigid band picture that assumes a constant value of orbital 
level splitting. Interpretation of the experimental findings within this picture 
would imply that only the d^ z 2_ r 2 band crosses the Fermi level and is emptied 
out upon doping, while the d x 2_ y 2 band lies below and shows a constant filling. 
On the other hand, if the d x 2_ y 2 band does not cross Fermi surface, then it is no 
longer active to generate the intra-layer ferromagnetic DE interaction leading 
to J|| < J_l, in contrast to experimental findings J\\ > Jj_. 

The above discussion suggest that e g orbital level splitting is strongly doping 
dependent too. This splitting can be due to both purely electronic and non- 
electronic (driven by lattice) effects. The former is driven by electron-electron 
interactions and latter is due to the JT mechanism. 

The experimental analysis of the crystal structure has revealed, that JT dis- 
tortion results in the elongation of MnC^ octahedra along z-axis. [ 5 ] Five 
bonds (four equatorial and one apical with shared oxygen ion) are essentially 
identical. The elongation of octahedra occurs mainly because the apical bond 
with unshared oxygen atom is longer than the other five bonds. These type 
of JT distortion promotes the axially directed d§ z 2_ r 2 orbital by lowering its 
on-site energy. The dimensionless parameter describing the static Jahn-Teller 
distortion can be defined as < 5 JT = ((^_ G > - ( £ ^in-o))/( c ^in- t o)' where 
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(^Mn-o Uat ^ ) ls an averaged apical (equatorial) Mn-O length. The relative dis- 
tortion Sjt also gives the scale of JT induced orbital level splitting. 

The physical picture our analysis is based on is as follows: Both the orbital 
occupancy and exchange energies strongly depend on the orbital level splitting. 
The latter consist of the two parts: JT induced gap and correlation induced 
one. The JT distortion is largest at low doping and monotonically relaxes upon 
doping (£jt ~ 0.036, 0.020, and 0.0 for x = 0.3, 0.4, and 0.5, respectively 
[5]). Therefore, at low doping the axial orbital, promoted by the JT distortion 
is predominantly occupied. The matrix element of the inter-orbital Coulomb 
energy does not depend on the character of predominantly occupied orbital 
state. Therefore, on-site repulsion further supports already preferred orbital 
state and by enhancing the orbital polarization reduces the Coulomb energy. 
At low doping, the physics is mainly determined locally and the kinetic energy 
term is less important. However, upon increasing the carriers number the JT 
induced gap decreases while the kinetic energy starts to play more dominant 
role. In the bilayer system, the latter promotes the in-plane orbital state, that 
has the highest intra-layer transfer amplitude and by forming the wider band 
can lower the kinetic energy of the system. Therefore, one would expect that 
at some doping x = x c , the possible energy gain due to the kinetic energy 
will overcome the crystal-field splitting of the orbital levels. Therefore, for 
x > x c , it becomes energetically more favorable to lower the energy of the in- 
plane orbital and hence, correlation induced splitting will change sign. As will 
be shown below, the doping dependence of the orbital level splitting, resulted 
from the discussed interplay, gives a consistent description of the experimental 
findings. 

7.2 Model Hamiltonian 

and microscopic description 

The minimal model Hamiltonian which describes above discussed scenario 
consists of the two contributions H = H e \ + H sp , where H e \ and H sp describe 
charge and spin degrees of freedom, respectively. We retain only the preferred 
spin component of the fermionic operators, in the fully polarized (semi-metallic) 
FM case and also assume that all the other degrees of freedom are integrated 
out to give effective model parameters relevant to the low energy physics. The 
electronic part of the Hamiltonian can be written as: 
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The first and the second term of Eq.(8.52) describe an intra- and inter-layer 
electron hopping between the two e 9 orbitals of the NN Mn-ions, respectively. 
Index i numbers the unit cell composed by two Mn sites, 4 q and are the 
electron annihilation operators on these two sites. The orbitals 4z 2 -r 2 an d 
d x 2_ y 2 correspond to a(/3) — 1 and 2, respectively. Intra- and inter-layer 
transfer matrix elements are given by 



_a(3 —f( 1/4 tV 3/4:\ ,a(3 _ , f 1 0 

ll^(y) ^^3/4 3/4 ) ’ ^ ^0 0 



(8.53) 



The electron density operator on a given orbital state is denoted by r\ a , (3 
is chemical potential, Ajt = gSjT is JT induced orbital level splitting, g 
is properly normalized coupling constant of electrons with JT active phonon 
modes, and Sjt is a measure of JT distortion discussed above. In the present 
paper we do not attempt to calculate JT distortion by minimizing the total energy 
of the system (including lattice elastic energy) and model the dimensionless 
parameter 5 jt by the following doping dependence 5 jt = 0.17(0.5 — x), that 
reasonably reproduces the experimental data. [5] 

The last term in Eq.(8.52) represents an effective, relevant for the low en- 
ergy physics, on-site inter-orbital Coulomb repulsion between electrons. We 
assume that U e ff has been already renormalized due to the many-body effects 
and properly screened in the metallic state. Therefore, one expects that U e ff is 
much smaller than the bear ionic value of Hubbard U. 

We treat this term within the mean-filed (MF) approximation by introdu- 
cing the MF parameter describing the anisotropy of the orbital occupancy 
5n = (ni) — ( 712 ). This introduces additional splitting of local orbital levels 
due to the electron-electron interaction. Therefore the total splitting of orbital 
levels will be determined by both JT effect and electron-electron repulsion with 
following value: 2A = 2Ajt + U e ^5n. We emphasize, that the nonzero value 
of MF parameter 6n does not imply any symmetry breaking long range orbital 
order and the symmetry of Hamiltonian remains tetragonal. Even in the non- 
interacting case and absence of any JT distortion one finds 5n ^ 0. The band 
structure with tetragonal symmetry brakes the local cubic symmetry and pro- 
motes planar d x 2_ y 2 orbital with wider band leading to 5n < 0. In the orbital 
pseudo-spin language the ground state can be represented by nonzero value of 
the axial component of the orbital pseudo-spin ( 7 f) = ((nn — n z2 )/2) / 0 
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due to the nonzero pseudo-magnetic field produced by the 2D structure of the 
system, and with no order in the pseudo-spin basal plane (if^) = 0. 

The resulted MF Hamiltonian is bilinear and can be diagonalized by two 
subsequent canonical transformations. [47] First step is to introduce the bond- 
ing and anti-bonding states as a(b) a ^^ — [c£ Q (/3)k T ^a(/ 3 )k ]/>/2 and decouple 
the MF Hamiltonian in two parts each consisting of the two orbitals. The next 
transformation A(B ) ik = a(b) 2 k diagonalizes the two-band 

Hamiltonian bringing it into the form: H = ^ kQ + ^ak-^ak^k • 

The coherence factors and eigen-frequencies are given by 




with the following notations 

e a(6)k = -*7k ±t-n + A, el 2 = -3tj k - /I- A, 

e k 2 — —V3tj k , j(j) k = [cosk x ±cosk y ]/2. (8.55) 

The above introduced MF parameter Sn and chemical potential /i for a given 
doping can be obtained from the system of self-consistent equations [42]. 

The effective intra-layer Jy and inter-layer Jj_ FM exchange couplings are 
given by J\\ — J EE — J, = J EE — J, and J is the antiferromagnetic super- 
exchange constant between the i^g spins. Ferromagnetic intra- and inter-layer 
DE energies are given by 



m3 



4.<*P oAifi) 
2S 2 ' 

Q, (3 



With the above formulated scheme we proceed as follows. First, we solve the 
MF equations to determine, the orbital level splitting A and chemical potential 
fi for a given doping. Then, expressing the Eq. 8.56 for the exchange constants 
in terms of the eigen-states of the MF Hamiltonian we end up with the intra- 
and inter-layer exchange energies for a given doping. Model parameters are 
fixed in a way to reproduce the experimental results. 



7.3 Theoretical results and comparison with experiment 

In Fig. 8.28 the calculated doping dependence of intra- and inter-layer ex- 
change couplings is presented together with the experimental data from [18, 
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Hole concentration v 



Figure 8.28. Inter- ( SJ ± ) and intra-layer (SJ \\ ) exchange constants as a function of hole con- 
centration (solid and dashed line, respectively). The filled (open) circles, squares, and diamonds 
are inter-(intra-)layer exchange constants from neutron scattering data of Refs. 2, 3, and 9, 
respectively. 



20, 15]. The slight discrepancy between the values of the intra-layer exchange 
reported by the various experimental groups is probably due to the fact, that 
the different momentum regions of the spin-wave spectra have been used by 
those groups to extract Jy . The inter-layer exchange can be more accurately 
determined, since it sets the momentum independent splitting of bonding and 
anti-bonding spin-wave spectra. 

The best fit to the data has been achieved for t = 0.18 eV, £4ff = 0.7 eV, 
g = 0.5 eV, and 2 SJ = 11 meV (see also discussion below). The hopping 
integral sets the overall energy scale. The value of electron-phonon coupling 
strength fixes the doping at which Jy = J \ and system shows the isotropic 
behavior. The interaction term J7 e fF determines the steepness of the drop of 
inter-plane exchange constant and the AFM superexchange J shifts rigidly the 
whole picture relative to the Y axis of Fig. 8.28. Therefore, despite the number 
of independent parameters all of them can be unambiguously extracted from 
the fitting. 

As it is seen from Fig. 8.28 the intra-layer exchange is practically unaffected 
by doping while the inter-layer one is dramatically reduced. When inequality 
J EE < J becomes valid, the antiferromagnetic super exchange prevail ferro- 
magnetic DE signaling the instability of the FM ground state of the bilayer. In 
fact, neutron diffraction study on x = 0.5 sample revealed the A- type AFM 
ordering. [5] 
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Figure 8 . 29 . Occupancy of d 3z 2 _ r 2 (solid line) and d x 2 _ y 2 (dashed line) orbitals as a function 
of hole concentration. The open (filled) circles are the experimental data for d x 2_ y 2 (d 3 z 2_ r 2) 
orbital occupancy from Ref. 4. 

As it follows, the above discussed doping dependence of the exchange con- 
stants is in one to one correspondence with the doping dependence of the orbital 
occupancy. The latter is shown in Fig. 8.29 calculated for the same values of 
the model parameters. The experimental data from [46] is also presented on the 
same plot. The in-plane d x 2_ y 2 orbital (dashed line in Fig. 8.29) is predomin- 
antly occupied and shows weak doping dependence in almost whole presented 
range of the hole concentration. While axially directed d% z 2_ r 2 orbital (solid 
line in Fig. 8.29) is emptied-out linearly with doping, i.e. all the doped hole in 
this doping range resides on d§ z 2_ r 2 orbital. 

The above discussed evaluation of the orbital occupancy upon doping can 
be understood as follows. In the doping range x < x^ ( x c ~ 0.26 being the 
hole concentration at which both orbitals are equally occupied [see Fig. 8.29]) 
the JT distortion is large and stabilizes the axially directed orbital. With doping 
JT induced gap weakens and at x — x c the kinetic energy term supporting 
the in-plane orbital state takes over. Therefore, 5n changes sign at x — Xc 
and the d x 2_ y 2 orbital starts to be predominantly populated. For x > Xc 
correlation induced splitting 2 Ac 0r = U8n is negative and supports in-plane 
orbital. With farther doping, the orbital anisotropy 5n increases, leading to 
increase of correlation induced splitting. Therefore, the axial band is pushed 
up relative to the in-plane band upon doping, while the chemical potential is 
practically pinned. Therefore, all the doped holes go to the upper d^ z 2_ r 2 band 
and its occupancy linearly decrease upon doping, while the population of lower 
d x 2_ y 2 band is only weakly changed. 





Spin dynamics of bilayer manganites 



373 




Figure 8.30. Bonding 3 z 2 — r 2 and x 2 — y 2 bands (in units t = 1) referred to chemical 
potential for hole doping x = 0.3 (dashed line) and x = 0.4 (solid line). 



This doping dependence of the band structure is explicitly shown in Fig. 8.30, 
where the bonding d x i _ y 2 and d^ z 2_ r 2 bands are presented for hole concentra- 
tion x = 0.3 (dashed line) and x = 0.4 (solid line). 

Let us now discuss the model parameters used to reproduce the experimental 
data. The value of the hopping integral t = 0.18 eV is in the range estimated 
for manganese oxides t ~ 0.1 ~ 0.3 eV. We also point out, that some of the 
authors estimated hopping integral to be higher t ~ 0.7eV. Moderate value 
of the effective inter-orbital Coulomb repulsion U e ff = 0.7 eV is sufficient to 
give reasonable fit to the data, which justifies the MF treatment adopted here. 
The AFM superexchange energy of ^ spins remarkably coincides with one 
(2 SJ = lOmeV) estimated from the spin-wave data of Ndo ^Sro^MnO;}. 
[48] Another important parameter is the JT splitting of the orbital states, that 
is difficult to directly detected experimentally. For x = 0.3, with the above 
estimate of the electron-phonon coupling constant ( g — 0.5 eV) one obtained 
the JT splitting 2A jt — 0.035 eV. Hence, in the doping regime considered 
here, the JT binding energy is much smaller than the carriers band-width. This 
explains why the polaronic effects, not considered can be ignored. 

8. Diffuse magnetic scattering from Lai. 2 Sr 18 Mn 2 07 

The exchange interactions in magnetic solids are determined by measur- 
ing the spin wave dispersions by inelastic neutron scattering at temperatures 
much lower than the ordering temperatures. The quasielastic magnetic neutron 
scattering above the ordering temperature can also provide such information 
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Figure 8.31. (a) Diffuse magnetic scattering from Lai. 2 Sri. 8 Mn 207 in the reciprocal (hkO) 

layer at T = 144 K. Only half of the reciprocal layer has actually been measured; the other half 
has been generated by symmetry. Typical two-dimensional rod-like scattering is observed. Due 
to the double-layer structure the diffuse rod is modulated, (b) Calculated intensity distribution 
of the diffuse scattering of Lai. 2 Sri.sMn 2 07 on the basis of extended mean-field theory using 
two exchange parameters determined from the spin wave dispersion at T = 1 .5 K (from [49]). 



if the quasistatic approximation is valid, i.e., the energy width of the magnet- 
ization fluctuations above the ordering temperature is small compared to the 
incoming neutron energy and also the energy equivalent of the temperature 
at which the measurements are done. We have determined exchange interac- 
tions in Lai^Sri.gM^Or above Tc by measuring diffuse magnetic neutron 
scattering. Neutron scattering experiments [49] were carried out on the flat- 
cone diffractometer of the Berlin Neutron Scattering Center using a neutron 
wavelength of 2.39 A from a PG(002) monochromator and a curved linear mul- 
tidetector. The crystal was oriented with the [010] axis parallel to the cj-axis 
of the diffractometer. By turning the crystal in steps around [010] by cj-scans 
we could determine the diffuse intensity in the whole (hOl) reciprocal layer. 
We have determined the diffuse intensity distribution in the (hOl) layer at T = 
144 and T = 295 K. Fig. 8.31(a) shows the intensity distribution in the (hOl) 
layer at T = 144 K. We have not attempted to extract exchange interaction from 
the diffuse intensity data at T = 144 K. But we simply calculated the expected 
diffuse magnetic intensity from the exchange interactions J a and J c determined 
previously from spin wave dispersions [14, 15]. Fig. 8.31(b) shows the calcu- 
lated intensity distribution. The agreement between the calculated and observed 
intensities at T = 144 K is already quite impressive. Fig. 8.32(a) shows the 
intensity distribution in the (hOl) layer at T = 295 K. The modulated rod-like 
scattering parallel to c* is clearly seen at both temperatures. This shows the 
quasi-2D bilayer nature of the magnetic system. Due to the large separation 
between different bilayers, the modulation of the diffuse scattering along the 
rod is determined by the correlations of Mn spins belonging to the two layers 
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of the bilayer. The energy-integrated magnetic-neutron scattering cross-section 
for the wave-vector transfer Q is proportional to 

S(Q) (x f(Q) 2 ( 1 + (cos 9) cos 47 xzl) (8.57) 

where f(Q) is the form factor of the Mn atom, 6 is the in-plane cant angle of 
the two Mn spins at positions (0, 0, —z) and (0, 0, z) in the unit cell. The spins 
are assumed to lie in the a — b plane. The refinement of the crystal structure of 
La 2 - 2 xSri + 2 xMn 207 for x = 0.40 gave 2 = 0.0964 =b 0.0001. If the cant angle 
0 = 0 , i.e. for ferromagnetic correlation, the diffuse intensity would oscillate, 
peaking at 1 = 0, 5.18,.. etc. and becoming zero at 1=2.59, 10.38,.. etc. This 
is exactly what is observed in Fig. 8.31(a) and 8.32(a). The intensities of the 
peaks with higher / of course decrease according to the form factor of the Mn 
ions. 

Magnetic correlations have been investigated by neutron scattering mainly 
at temperatures close to the phase transition, i.e. in the critical region [50]. 
At higher temperatures, the magnetic correlations are no longer given by the 
theory of Omstein and Zemike [51]. We assume the validity of the quasi-static 
approximation, i.e. that the energy width of the magnetization fluctuations is 
much smaller than the energy equivalent A&T of the corresponding temperature 
of the sample and also much smaller than the energy of the incident neutrons. 
The quasistatic approximation is definitely valid in the present case for which 
the incident neutron energy was about 14.2 meV and ksT = 25.4 meV at T = 295 
K. These energies are much larger than the energy width of the magnetization 
fluctuation which is of the order of a few meV. In fact quasistatic approximation 
is valid at any temperature above T c ^ 128 K (ksTc ~ 11 meV). Under the 
quasistatic approximation the energy-integrated neutron scattering cross section 
^ per magnetic atom can be written in the form [52] 

aU iVm5 ^ a/3 dd> 

(8.58) 

where 7ro = 0.539 x 10 -12 cm, ks is the Boltzmann constant, N m refers to 
the number of magnetic atoms over which the summation has been carried out, 
g is the Lande factor, fiB is Bohr mangeton , /( Q) is the magnetic form factor 
as a function of the scattering vector Q, e~ w (Q) is the Debye-Waller factor, 
(Q) is the tensor of the generalized susceptibility. The term (4^ — QaQtf) 
accounts for the fact that only magnetic moment components perpendicular to 
the scattering vector contribute to the scattering process. The sum over d , d 
runs over one unit cell and the indices d , d label the magnetic ions within one 
unit cell at positions r^r^. Assuming the magnetic atoms are coupled via 
isotropic exchange only, we can then use the same simple Heisenberg exchange 
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Hamiltonian (1) after adding extra indices 

Ti = — ^2 Jtdj'd'Sed-Si'dG (8.59) 

td,Vd! 

where J id, Ed' is the exchange interaction between a spin in the unit cell 
with level d and another spin S^/. The wave-vector dependent susceptibility 
X%{Q) of (3) can be calculated for the model Hamiltonian (4) in the frame- 
work of molecular field theory. The mean-field expression for the wave-vector 
dependent susceptibility [53], in the paramagnetic state, is given by 

Xa?(Q) = W/^A-^Q)]*,. ( 8 . 60 ) 

The matrix A is given by 

Add'(Q) = ~ 2Jdd'( Q) (8.61) 

where Jdd’iQ) is the Fourier transform of the exchange integrals. 

It is known from the spin wave investigations that the interbilayer exchange 
interaction J ' is very small and can be neglected. So the diffuse magnetic 
scattering in bilayer manganite can be modelled using only two exchange in- 
teractions J a and J c . The strong magnetic correlations of the Mn atoms in the 
a — b plane and also that between the two planes of the bilayers persists even at 
room temperature, which is about 2.3 x Tq. Fig. 8.32(b) shows the calculated 
intensity distribution of the diffuse scattering from La^Sri.sM^Or. The cal- 
culations are done using equations (8.58), (8.60) and (8.61) which are based 
on the validity of the quasistatic approximation and mean-field theory. The 
two exchange interaction parameters: the nearest neighbor exchange interac- 
tion J a and the nearest neighbor exchange interaction J c have been refined by 
the least squares procedure leading to J a — 2.789(2) and J c — 1.395(6) meV. 
The remarkable similarity between observed and calculated diffuse intensities 
suggests that the approximations made are reliable. The exchange interactions 
obtained from the measured diffuse scattering at room temperature, are of the 
same order of magnitude as that determined from the spin wave dispersion of 
the acoustic and optic modes and the spin wave gap of the optic mode at T 
= 1.5 K,[15] viz., J a = 4.8 ± 0.1 and J c — 1.7 ± 0.1 . The anisotropy in 
the ferromagnetic exchange interaction in the plane and perpendicular to the 
plane arises due to the orbital orientation as has been shown in section 6. The 
ferromagnetic exchange interaction in a plane of the bilayer is due to overlap 
of oxygen p x or p y orbital with Mn d x 2_ y 2 orbitals and the ferromagnetic ex- 
change interaction between the planes of the bilayer is caused by the overlap 
of oxygen p z and Mn d 3z 2_ r 2 orbitals. The ratio ^ = 2.03, determined from 
the diffuse magnetic scattering at T = 295 K, is smaller than the ^ = 2.8 
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Figure 8.32. (a) Diffuse magnetic scattering from Lai^Sri.sMr^O? in the reciprocal (hkO) 

layer at room temperature. Only half of the reciprocal layer has actually been measured; the 
other half has been generated by symmetry. Typical two-dimensional rod-like scattering is 
observed. Due to the double-layer structure the diffuse rod is modulated, (b) Calculated intensity 
distribution of the diffuse scattering of Lai^SnyMr^Or on the basis of extended mean-field 
theory using two exchange parameters determined from the least squares fit explained in the text 
(from [49]). 



determined by spin wave investigations [15] at 1.5 K. This is partly due to the 
renormalization of the exchange interactions at higher temperature. We em- 
phasize that the high temperature diffuse scattering involves the bare J from the 
spin Hamiltonian whereas the value obtained by fitting the low temperature spin 
wave dispersion depends upon the accuracy in 1/S to which the spectrum was 
calculated. The anisotropy in the exchange interactions J a and J c , which can 
be attributed to the orbital overlaps, is expected to reduce at higher temperature. 
One can understand qualitatively the reduction of the both intra- and inter-layer 
exchange couplings as well as of their ratio at higher temperature on the basis of 
following arguments. The exchange coupling in the ferromagnetic state scales 
with the kinetic energy of the electrons in the double-exchange model. This 
result could be extended to the paramagnetic state as well, provided that the 
short-range ferromagnetic correlations still exist while the long-range order is 
suppressed by the thermal fluctuations. The kinetic energy of the electrons is 
expected to be reduced from zero temperature value due to the scattering from 
the disordered spins as well as due to the polaronic effects which become more 
important at high temperatures when the number of phonons increases. So the 
exchange couplings are expected to be reduced at high temperatures, as seen in 
experiment. We discuss next the effect of the temperature on the ratio between 
the in-plane and inter-plane coupling. We have already noted that, of the two 
e 9 orbitals on the Mn sites, d x 2_ y 2 and d% z 2_ r 2, only the latter is responsible 
for the inter-layer (within the bilayer) exchange while the former one is loc- 
alized in the plane. The bilayer structure favors the occupation of the d jc ‘ 2_ y 2 
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Figure 8.33. (a) Diffuse magnetic scattering from Lai. 2 Sri. 8 Mn 207 in the reciprocal (hkO) 

layer at T= 144 K with zero applied magnetic field. Only half of the reciprocal layer has actually 
been measured; the other half has been generated by symmetry, (b) Diffuse magnetic scattering 
from Lai. 2 Sri.sMn 207 in the reciprocal (hkO) layer at T= 145 K under applied magnetic field 
of 6.5 Tesla. 

orbitals that has the higher in-plane transfer amplitude, and hence, removing 
the orbital degeneracy, leads to the anisotropy in orbital occupation. Actu- 
ally, this anisotropy has been recently detected experimentally in the bilayer 
manganites by the magnetic Compton-profile measurements [46]. One could 
expect from the physical grounds that the anisotropy in orbital occupation and 
hence the in-plane to inter-plane exchange coupling ratio will be reduced at high 
temperatures when the higher energy orbital states get thermally populated. 

We have successfully modelled the magnetic diffuse scattering in the com- 
pound Lai. 2 Sri. 8 Mn 207 above the ordering temperature and have demonstrated 
that the magnetic diffuse scattering contains sufficient information for extract- 
ing the exchange interaction parameters. The present investigations show that 
Lai. 2 Sri. 8 Mn 2 C >7 is indeed a quasi-2D magnetic system and even at temper- 
ature 2.3 x Tc the magnetic correlations in individual bilayers are still very 
strong. 

We have recently measured the diffuse magnetic scattering from the com- 
pound Lai. 2 Sri. 8 Mn 207 at T = 145 K under magnetic field of 6.5 Tesla applied 
along [010]. Fig 8.33 shows the diffuse magnetic scattering with zero applied 
magnetic field and also under applied magnetic field of 6.5 Tesla applied along 
[010]. The diffuse magnetic scattering intensity is reduced and also the modu- 
lated diffuse scattering rods seems to become narrower under applied magnetic 
field. The detailed analysis of these data still remains to be done. 
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A localized Heisenberg Hamiltonian is cable of describing the diffuse mag- 
netic scattering of the bilayer manganite LaL^Sri.gM^Oy above the ordering 
temperature. This is not surprising because the deviation from the localized 
theory becomes appreciable only for higher energy excitations as is observed 
in the spin wave dispersion and damping. The energy width of magnetization 
fluctuations in Lai^Sri.gM^Or above the ordering temperature is only a few 
meV for which localized Heisenberg Hamiltonian seems to be adequate. Also 
quasistatic approximation which requires the energy width of the magnetiza- 
tion fluctuations is small compared to the neutron energy and also the energy 
equivalent of the temperature at which the measurements were done, is valid. 

9. Concluding remarks 

We have shown in the present article that spin excitations in ferromagnetic 
bilayer manganite Lai^Sri.glVh^C^ is not at all given by nearest-neighbor Heis- 
enberg localized model. The spin waves show softening close to the zone 
boundary and are also heavily damped. We have developed a minimum DE 
model for the spin waves and have shown that it shows very similar softening 
and damping qualitatively. However the minimum DE model falls short of 
explaining the experimental results quantitatively. One may have to include 
the orbital and lattice degrees of freedom for a quantitative explanation of the 
observed softening and damping. The change in orbital occupancies with dop- 
ing explains the observed doping dependence of the exchange interactions in 
the bilayer manganites La 2 - 2 xSri + 2 X Mn 207 quite successfully. The spin fluc- 
tuations above the ordering temperature can be modelled by the Heisenberg 
Hamiltonian under the quasitatic and mean-field approximations. This is not 
surprising because the energy width of the spin fluctuations is rather small above 

T C - 

Acknowledgments 

TC wishes to acknowledge collaboration with Drs. P. Thalmeier, L.P. Reg- 
nault. W. Schmidt, A. Hiess, P. Vorderwisch, D. Hohlwein, R. Schneider, 
J.-U. Hoffmann, R. Suryanarayanan, G. Dhalenne and A. Revcolevski and the 
financial support of MPI-PKS. GJ wishes to acknowledge collaboration with 
N.B. Parkins and N.M. Plakida. NS acknowledges collaboration with Andrey 
Chubukov, Fatiha Ouchini, Karlo Penc and Peter Thalmeier, and helpful con- 
versations with, among others, Nobuo Furukawa and Giniyat Khaliullin. He is 
grateful to Henri Godfrin for hospitality while working on the manuscript, and 
to Peter McHale for proofreading the draft text. The work was NS supported 
under NSF grant DMR-9632527 and the visitors program of MPI-PKS. 




380 



COLOSSAL MAGNETORESISTIVE MANGANITES 



References 

[1] Y. Moritomo, A. Asamitsu, H. Kuwahara, and Y. Tokura. Nature, 380, 
141 (1996). 

[2] Y. Tokura (Eds.). Colossal Magnetoresistive Oxides, (Gordon and Breach, 

2000 ). 

[3] S.N. Ruddlesden and P. Popper. Acta Cryst., 10 538, (1957). 

[4] S.N. Ruddlesden and P. Popper. Acta Cryst., 11 54, (1958). 

[5] M. Kubota, H. Fujioka, K. Hirota, K. Ohoyama, Y. Moritomo, H. Yosh- 
izawa, and Y. Endoh. J. Phys. Soc. Jpn., 69, 1606 (2000). 

[6] J. F. Mitchell, D. N. Argyriou, J. D. Jorgensen, D. G. Hinks, C. D. Potter, 
and S. D. Bader. Phys. Rev. B 55, 63 (1997). 

[7] T. Chatterji, GJ. McIntyre, W. Caliebe, R. Suryanarayanan, G. Dhalenne, 
and A. Revcolevschi. Phys. Rev. B, 61, 570 (2000). 

[8] C.D. Ling, J.E. Millbum, J.F. Mitchell, D.N. Argyriou, J. Linton, and H.N. 
Bordallo. Phys. Rev. B, 62,15096 (2000). 

[9] M. Kubota, H. Fujioka, K. Ohoyama, K. Hirota, Y. Moritomo, H. Yosh- 
izawa, and Y. Endoh. J. Phys. Chem. Solids, 60, 1161 (1999). 

[10] D.N. Argyriou, J.F. Mitchell, J.B. Goodenough, O. Chmaissem, S. Short, 
and J.D. Jorgensen. Phys. Rev. Lett. 78, 1568 (1997). 

[11] D.N. Argyriou, J.F. Mitchell, C.D. Potter, S.D. Bader, R. Kleb, and J.D. 
Jorgensen. Phys. Rev. B 55, 11965R (1997). 

[12] D.N. Argyriou, J.F. Mitchell, P.G. Radaelli, H.N. Bordallo, D>E> Cox, 
M. Medarde, and J.D. Jorgensen. Phys. Rev. B 59, 8695 (1999). 

[13] S. Okamoto, S. Ishihara, andS.Maekawa. Phys. Rev. B 63, 1 0440 1 (2001). 

[14] T. Chatterji, P. Thalmeier, G. J. McIntyre, R. van de Kamp, R. Suryanaray- 
anan, G. Dahlenne, and A. Revcolevschi. Europhys. Lett. 46, 801 (1999). 

[15] T. Chatterji, L. P. Regnault, P. Thalmeier, R. Suryanarayanan, G. Dahlenne, 
and A. Revcolevschi. Phys. Rev. B 60, R6965 (1999). 

[16] T. Chatterji, L.P. Regnault, P. Thalmeier, R. van de Kamp, W. Schmidt, 
A. Hiess, P. Vorderwisch, R. Suryanarayanan, G. Dahlenne, and A. Rev- 
colevschi. Journal of Alloys and Compounds 326, 15 (20001). 

[17] H. Fujioka, M. Kubota, K. Hirota, H. Yoshizawa, Y. Moritomo, and 
Y. Endo. J. Phys. Chem. Solids 60, 1165 (1999). 

[18] K. Hirota, S. Ishihara, H. Fujioka, M. Kubota, H. Yoshizawa, Y. Moritomo, 
Y. Endoh, and S. Maekawa. Phys. Rev. B 6564414, 2002. 

[19] G. Chaboussant, T.G. Perring, G. Aeppli, and Y. Tokura. Physica B, 276- 
278, 801 (2000). 




REFERENCES 



381 



[20] T.G. Perring, D.T. Androja, G. Chaboussant, G. Aeppli, T.Kimura, and 
Y. Tokura. Phys. Rev. Lett, 87 , 217201 (2001). 

[21] S. Rosenkranz, R. Osborn, L. Vasiliu-Doloc J.F. Mitchell, J.W. Lynn, and 
S.K. Sinha. J. Appl. Phys 87, 5816 (2000). 

[22] Y. Motome and N. Furukawa. J. Phys. Soc. Jpn., 71 , 1419 (2002). 

[23] H. Mook. Spin waves and Magnetic Excitations I, A.S. Borovik-Romanov 
and S.K. Sinha (eds), page 425, Elsevier, 1988. 

[24] C. Zener. Phys. Rev 82 , 403 (1951). 

[25] P. W. Anderson and H. Hasegawa. Phys. Rev 100, 675 (1955). 

[26] K. Kubo. J. Phys. Soc. Jpn. 51, 782 (1982). 

[27] T.G. Perring, G. Aeppli, S.M. Hayden, S.A. Carter, J.P. Remeika, and S-W 
Cheong. Phys. Rev Lett. 77, 711 (1996). 

[28] H. Y. Hwang, P. Dai, S-W. Cheong, G. Aeppli, D. A. Tennant, and H. A. 
Moo. Phys. Rev Lett. 80 , 1316 (1998). 

[29] Femandez-Baca et. al. Phys. Rev Lett. 80 , 4012 (1998). 

[30] Holstein and Primakoff. Phys. Rev 58, 1098 (1940). 

[31] N. Shannon. J. Phys.: Condens. Matter 13, 6371 (2001). 

[32] N. Shannon, K. Penc, and J. Betouras. in preparation. 

[33] N. Shannon and A. Chubukov. J. Phys. : Condens. Matter, 14 , L235 (2002). 

[34] N. Shannon and A. Chubukov. Phys. Rev. B , 65, 104418 (2002). 

[35] P. G. de Gennes. Phys. Rev, 118, 141 (1960). 

[36] Nic Shannon. “A new spinwave expansion for the ordered Kondo lattice.”. 
In “Lectures on the physics of highly correlated electron systems ”, AIP 
Conference Proceedings 629, Editor F. Mancini, AIP New York, 2002. 

[37] Nic Shannon. “Quantum and thermal effects in the Double Exchange 
Ferromagnet”. to appear in proceedings of the European Conference on 
Magnetism, Poznan, July 2002. 

[38] T. Chatterji. to be published. 

[39] K. Hirota, Y. Moritomo, H. Fujioka, M. Kubota, H. Yoshizawa, and Y. En- 
doh. J. Phys. Soc. Jpn., 98, 3380 (1998). 

[40] S.Okamoto, S.Ishihara, andS. Maekawa. Phys. Rev. B 63, 104401 (2001). 

[41] J. Dho, W.S. Kim, H.S. Choi, E.O. Chi, and N.H. Hur. J. Phys. Condens. 
Matter 13, 3655 (2001). 

[42] G. Jackeli and N. B. Perkins. Phys. Rev. B, 65, 212402 (2002). 

[43] Nic Shannon, Tapan Chatterji, Fatiha Ouchini, and Peter Thalmeier. Eur. 
Phys. J. B 27 , 287 (2002). 

[44] N. Furukawa. J. Phys. Soc. Jpn. 68, 2252 (1999). 




382 



COLOSSAL MAGNETORESISTIVE MANGANITES 



[45] G. Khaliullin and R. Kilian. Phys. Rev. B 61 3493 (2000). 

[46] A. Koizumi, S.Miyaki, Y. Kakutani, H. Koizumi, N. Hiraoka, K. Makoshi, 
N. Sakai, K. Hirota, and Y. Murakami. Phys. Rev. Lett 86, 5589 (2001). 

[47] G. Jackeli, N. B. Perkins, and N. M. Plakida. Phys. Rev. 62,372 (2000). 

[48] G. Jackeli, N. B. Perkins, and N. M. Plakida. Phys. Rev. B B 64, 092403 

( 2001 ). 

[49] T. Chatterji, R. Schneider, J.-W. Hoffmann, D. Hohlwein, R. Suryanaray- 
anan, G. Dahlenne, and A. Revcolevschi. Phys. Rev. B 65, 134440 (2002). 

[50] M.F. Collins. Magnetic Critical Scattering, (Oxford University Press, 
Oxford, 1989). 

[51] L.S. Omstein and F. Zemicke. Z. Phys. 19, 134 (1918). 

[52] W. Marshall and S.W. Lovesey. Theory of Neutron Scattering, (Oxford 
University Press, Oxford, 1971). 

[53] P.G. de Gennes and J. Villain. J. Phys. Chem. Solids 13, 10 (1960). 




Chapter 9 



CHARGE AND ORBITAL ORDERING OF 
MANGANITES OBSERVED BY RESONANT X-RAY 
SCATTERING 

Y. Murakami 

Department of Physics, Tohoku University 
Sendai 980-8578, Japan 

Synchrotron Radiation Research Center (SPring-8), JAERI, 

Sayo-gun Hyogo 679-5148, Japan 



S. Ishihara 

Department of Physics, Tohoku Un iversity, 
Sendai 980-8578, Japan 



S. Maekawa 

Institute for Materials Research, Tohoku University, 
Sendai 980-8577, Japan 



Abstract In the study of magnetoresistive manganites, it has been recognized that the 
orbital degree of freedom plays an important role in the electric and magnetic 
properties together with the spin and charge degrees. We have developed the 
resonant x-ray scattering (RXS) technique to observe the charge and orbital or- 
dering using synchrotron radiation. Dipole RXS from ordered Mn3d orbitals has 
been observed near the MniC-absorption edge in single-layered, bi-layered, and 
three-dimensional perovskite-type manganites. The polarization of the scattered 
photons is rotated and the azimuthal angle dependence shows a characteristic 
symmetry. These results are explained based on the microscopic mechanism of 
RSX. Moreover, the resonant inelastic x-ray scattering (RIXS) to observe orbital 
excitations is described as well as the recent development of RXS. 

Keywords: Orbital Ordering, Charge Ordering, Resonant X-ray Scattering 
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1. Introduction 

The strong correlation between electrons in solids makes a great variety of 
phenomena, for example, high T c superconductivity, colossal magnetoresist- 
ance (CMR), and heavy fermion characteristics and so on. This wide diversity 
of electronic states in these systems is driven by a small change of the external 
condition such as a doping level, temperature and magnetic field. Actually, 
some different kinds of order coexist or are close each other in their phase dia- 
gram. The order-parameters in these phases are characterized by multi-degrees 
of freedom, namely, charge, spin, orbital of an electron and the lattice degrees 
of freedom. The orderings of these degrees of freedom sometimes appear sim- 
ultaneously and sometimes compete with each other. In particular, CMR, a 
huge decreasing of the electric resistivity in a magnetic field, of manganites 
is the typical example [1, 2, 3, 4]. The CMR of manganites often occurs in 
a temperature region where an antiferromagnetic insulator is transferred to a 
ferromagnetic metal. The phenomena have roughly been understood by the 
double exchange mechanism on the basis of only charge and spin degrees of 
freedom [5, 6, 7, 8, 9]. However, some of the phenomena cannot be understood 
by only the simple mechanism [10]. At present it has been recognized that the 
interplay between spin, charge, orbital and lattice degrees of freedom is essen- 
tial in CMR. Actually, CMR is often observed in the vicinity of the ordering 
states of these multi-degrees of freedom. Therefore, it is very important to 
study the static and dynamic order of these degrees of freedom in order to un- 
derstand the electronic and magnetic properties of the CMR systems. Among 
these degrees of freedom, especially, orbital degree of freedom is a key-concept 
in CMR manganites [11]. 

Orbital degeneracy generally remains in some transition metal oxides when 
the symmetry of the crystal field is high enough. When the electrons partially 
occupy the degenerate states, we call the system has the orbital degree of free- 
dom. Let us consider a perovskite-type manganite LaMnC^ where the d electron 
levels are split to the triply degenerate levels and the doubly degenerate eg 
levels due to the crystal field of the pseudo-cubic perovskite structure. All the 
manganese ions in this compound have the valence 3+; the Mn ion has four 3d 
electrons. These electrons occupy three Li g orbitals and one e g orbital 
and all of the spins are aligned parallel owing to the strong Hund’s coupling. 
In this case, a Mn 3+ ion has a degree of freedom indicating which ^ orbital 
is occupied by the electron. This orbital degree of freedom shows the long- 
range ordering, that is orbital ordering, due to cooperative Jahn-Teller effect 
and/or the exchange interaction between the Mn sites in solids. Figure 9.1(a) 
shows one of the typical examples, that is, the orbital ordering in ab— plane of 
LaMnC >3 where 3d Sx 2_ r 2 and 3d Sy 2_ r 2 orbitals are alternately aligned in the 
plane [12, 13, 14]. The orbital represents the shape of the electron cloud and 
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Figure 9. 1. (a) Schematic view of the orbital ordering in ab plane of LaMnOa where 3d Ax 2_ r 2 

and 3d 3y 2_ r 2 orbitals are alternately aligned in the plane, (b) Schematic view of charge and 
orbital ordering in ab plane of a layered perovskite-type manganite, Lao.r>Sri.nMn 04 . 



determines the anisotropy of the electron-transfer between the ions. Therefore, 
orbital degree of freedom as well as charge and spin degrees of freedom plays 
an important role in electric and magnetic properties of the systems. When 
holes are enough doped in the orbitally ordered system, a ferromagnetic metal- 
lic phase often appears owing to the gain of transfer energy through the double 
exchange mechanism. In this case it is considered that the orbital ordering 
melts, namely, the system becomes an orbital-liquid state [15]. However, in 
the compounds with a small band-width, the charge ordered phase sometimes 
appears in a definite hole-concentration region [16, 17, 18]. Here, the charge 
ordering means an alignment of the valence, which includes the valence of 
oxygen ions. In some compounds, the ordering of Mn 3+ and Mn 4+ has been 
observed in the concentration of the average- valence-number 3.5 of Mn ions. 
Then, the orbital ordering is often concomitant with the charge ordering. Fig- 
ure 9.1(b) shows a schematic view of charge and orbital ordering in a6-plane of 
a layered-perovskite manganite, Lao.sSri sMnO^ The unite-cell in this charge 
and orbital ordered plane is s/2a x 2y/2 a on a basis of the original lattice 
constant a . 

Some of the charge and orbital ordered states of transition metal oxides were 
theoretically discussed to understand their magnetic ground states and lattice 
distortions in the 1950s. The classic works of Kanamori and Goodenough have 
served as a guide to the charge and orbital ordered arrangements [14, 19]. On 
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the other hand, these orderings have been also experimentally studied. X-ray, 
neutron, electron diffractions, NMR, supersonic waves and so on have revealed 
the nature of the orderings. However, it has been a very tough work to directly 
observe charge and orbital ordering because the coupling between the probes 
and the orderings is not so strong. Neutron scattering can probe the static and 
dynamic states of nuclear and magnetic moment, but do not couple with electron 
density, though the polarized neutron scattering is useful for the detection of 
the orbital ordering [20]. Of course, x-ray and electron diffractions can detect 
the electron density [21, 22]. However, it is a very difficult task because the 
number of electron concerned with the charge and orbital order is one or two in 
about a hundred of electrons in the unite cell of compounds and the scattering 
intensity is proportional to the square of the number of electron. NMR and 
supersonic wave techniques are very powerful but the obtained information on 
the spatial configuration is very limited. 

We had needed a new probe to study more detailed nature of the charge 
and orbital ordering, especially, the interplay between the degrees of freedom, 
their dynamics and some theoretically predicted exotic quantum states. This 
situation has changed during the last five years, following the detection of orbital 
and charge ordering by the resonant x-ray scattering (RXS) technique [26]. 
This technique is based on the measurements of ATS (anisotropy of the tensor 
of susceptibility) reflections near the absorption-edge energy of the focused 
ion [23, 24, 25]. The sensitivity of x-ray scattering from the orbitally ordered 
structures can be significantly enhanced when we tune the incident x-ray energy 
to the absorption edge. By using this technique it is possible to characterize the 
orbital and charge ordering on a microscopic scale, and to study their response 
to temperature changes or to an applied magnetic field. This technique has been 
rapidly developed and applied to many transition metal oxides and moreover 
f-electron systems, that is, antiferro-quadrupolar ordering systems. The RXS 
studies have now been extended. The materials studied by RXS are in the 
following list: 3d electron systems, Lao.5Sri.5Mn0 4 [26, 76], LaMn0 3 [27], 
Lai_ x Sr x Mn0 3 [28, 29], Ndo. 5 Sro. 5 Mn0 3 [30], Pr^Ca^MnOs [31, 32, 33], 
LaSr 2 Mn 2 0 7 [37, 38], Lai_ x Sri +x Mn0 4 [46], YTi0 3 [35], LaTi0 3 [36], V 2 0 3 
[34], YV0 3 [44], NaV 2 0 5 [43], Fe 3 0 4 [45], KCuF 3 [49], / electron systems, 
DyB 2 C 2 [39, 40, 41], HoB 2 C 2 [42], CeB 6 [48], UPd 3 [47], Np0 2 [77]. This 
list continues to grow. 

In this chapter, we review RXS studies on charge and orbital ordering of 
manganites. In section 2, the principle of RXS and the experimental technique 
are described and then as examples of the RXS, the charge- and orbital-ordering 
and their fluctuations are shown in a layered- and three dimensional-perovskite 
manganites. Section 3 is devoted to review the theoretical works on RXS. The 
scattering cross section of RXS is derived and the calculated scattering intensity 
is compared with the experiments. Besides, the microscopic mechanism of the 
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RXS is discussed. In section 4 we mention recent development of the RXS. 
Finally, the theoretical work on the resonant inelastic x-ray scattering (RIXS) 
is presented in Sec. 5. Section 6 is devoted to the summary. 

2. Principle of Resonant X-ray Scattering to Observe 
Charge and Orbital Ordering 

The RXS using synchrotron radiation is a powerful tool to detect charge 
and orbital ordering in correlated electron systems. We describe in this sec- 
tion the principle of RXS: the tensor character of the atomic scattering factor 
and its energy dependence. In Sec. 2-1, we concretely present experimental 
techniques of RXS for the observation of charge and orbital ordering by taking 
Lao. 5 Sri. 5 Mn 04 and LaMnC >3 as examples. The following Sec. 2-2 is devoted 
to show other examples of the RXS where an unique temperature dependence 
of RXS intensities is reported. 

The synchrotron x-ray diffraction measurements presented here were per- 
formed at beam line-4C, 16A2 at the Photon Factory, KEK, Tsukuba, Japan 
and beam line-X22C at the National Synchrotron Light Source, BNL, USA. 
The incident beam is monochromatized by Si( 111) or Ge(l 1 1) double crystal, 
giving an energy resolution 2 eV to 5 eV, and focused by a bent cylindrical 
mirror. All single-crystal used as samples here were grown by a floating-zone 
method. The surface of the sample was carefully polished with fine emery 
papers. The typical sample size was about 3x3x3 mm. 

2.1 Experimental Techniques 

The charge ordering is a spatial alignment of the valence states of target ions 
in the compound. It is not so easy to detect such a charge ordering directly, 
because the lattice distortion is accompanied with the order. First, we will de- 
scribe a technique to detect the charge ordering using the energy tunability of 
synchrotron radiation. The charge ordering is detected by using the anomal- 
ous scattering term of a transition metal ion. Here, we use the empirical fact 
that the absorption-edge energy of the transition metal ion is dependent on the 
valence number [50, 51]. We will take the observation of the charge ordering 
in Lao. 5 Sri. 5 Mn 04 as an example. In this manganite, the average valence of 
the manganese ions is 3.5. This manganite has a layered perovskite-type struc- 
ture, which is a well-known K 2 NiF 4 type. The compound Lai_ x Sri +x Mn 04 
shows the charge ordering in a narrow region of x = 0.5 in x — T phase dia- 
gram [52, 53]. The proposed charge-ordering model is shown in Fig.l (b). 
The resulting charge order unit-cell has dimensions y/2 a x \[2a x c relative 
to the room-temperature structure with the crystal space group 74/mrara, and 
a = 3.86 A, c = 12.44 A [54]. We have confirmed this Mn 3+ /Mn 4+ pattern 
[26]. The atomic scattering factor near the absorption edge energy is generally 
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Energy ( keV ) 

Figure 9.2. Energy dependence of the charge-ordering superlattice reflection (3/2, 3/2, 0) near 
the manganese /"/-absorption edge at T = 29.6 K. The solid curve is calculated one based on 
f\E) and/”(£0 of Mn 3+ and Mn 4+ . 



represented by 

f{E) = fo+f\E)+irm> (9.D 

depending on the x-ray energy E , where /o, /', and /” are the Thomson scatter- 
ing factor, the real and imaginary parts of anomalous scattering factor, respect- 
ively. Since the absorption-edge energy of Mn 4+ ion will be slightly higher 
than that of Mn 3+ ion, we can expect an anomaly of the peak intensity of the 
charge-ordering superlattice near the edge energy. Such an anomaly of the su- 
perlattice peak (3/2, 3/2, 0) on a basis of the room temperature structure was 
observed near the edge. Figure 9.2 shows energy dependence of the charge- 
ordering superlattice reflection (3/2, 3/2, 0) at T — 29.6 K. In order to analyze 
this energy dependence in terms of the charge-ordering model, we obtained the 
anomalous dispersion terms for Mn 3+ and Mn 4+ , that is, / /3+ , / /4+ , /” 3+ , 
and /” 4+ . The /” ( E ) can be obtained by using the following equation, 

f n (E) = ( mcE/2e 2 ht ) ln(/ 0 /J), (9.2) 

where c the speed of light, m and e the mass and charge of an electron, re- 
spectively, t the thickness of a sample, 1$ and I the incident and transmit- 
ted x-ray intensities, respectively. The /” 3+ and /” 4+ could be actually ob- 
tained from the room- temperature absorption spectra of LaSrMnQj (Mn 3+ ) 
and Lao.sSri.sMnC^ (Mn 3+ + Mn 4+ ). We also obtain /” 3+ and /” 4+ from 
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Figure 9.3. Energy dependence of the anomalous scattering factor f and /” of Mn' H and 
Mn 4+ . 

the absorption spectra of the end-member compounds LaSrMnQ* (Mn 3+ ) and 
Sr 2 Mn 04 (Mn 4+ ). The two methods made the same spectra of /” 3+ and /” 4+ , 
whose energy difference between the absorption-edge energies was about 4eV. 
The / /3+ and / /4+ can be transformed by the Kramers-Kronig transformation 
of the /” 3+ and /” 4+ , respectively, in which Cromer and Liberman’s calcu- 
lation was applied to estimate the region outside the absorption measurements 
[55]. The /” ( E ) and f(E) for Mn 3+ and Mn 4+ are shown in Fig. 9.3. Making 
use of these f(E) and f”(E), we can calculate the energy dependence of the 
structure factor of the charge-ordering superlattice. The structure factor F(h/2 , 
hi 2, 0) at odd h, is given by 

F(h/ 2, h/2, 0) = (/ /3+ - / /4+ ) + i(r 3+ - /” 4+ ) + C. (9.3) 

Where C is independent of the energy, contributed by — /q + ) and the 
term from the oxygen distortion due to the charge ordering. The solid curve in 
Fig. 9.2 shows the calculated energy dependence for the (3/2, 3/2, 0) superlattice 
after absorption correction, which agrees with the experimental data very well. 

Recently, Mahadevan et al. have reported the charge and orbital ordering in 
this compound using first principles band structure calculations [56]. They have 
found the presence of two types of Mn sites in the system; One of the Mn sites 
behaves as an Mn 3+ ion, favoring a Jahn-Teller distortion of the surrounding 
oxygen atoms, while the distortion around the other is not a simple breathing 
mode kind. An important point is that they find no charge disproportion between 
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these two sites. Moreover, the band structure calculations can reproduce the 
experimental spectrum for the charge ordering mentioned above. This explan- 
ation is apparently inconsistent with the experiment mentioned above. How 
much the charge is ordered in this system is an open question. More quantit- 
ative experiments of RXS are needed to solve this discrepancy. The detailed 
analysis with for example the maximum entropy method is also necessary to 
directly determine the distribution of the electron density. 

Second, we show a technique to detect the orbital ordering. Here, we take the 
measurements in LaMnC >3 as the typical example [27]. The valence of all the 
manganese ions in LaMn 03 is 3+. The electronic configuration of the Mn 3 ^ 
ions is {t 2 g,e l g ). The three t 2 g electrons are localized, while the e g electron 
orbitals are strongly hybridized with the oxygen 2 p orbitals. There is, in ad- 
dition, a strong distortion of the MnC% octahedra, which has been ascribed to 
a cooperative Jahn-Teller effect [13]. This distortion suggests that there is a 
(. 3x 2 — r 2 /3y 2 — r 2 )- type orbital ordering of the e g electrons which is exten- 
ded in the basal ab plane. A schematic view of the expected orbital ordering 
in the ab plane is shown in Fig. 9.1(a), together with the spin configuration. 
Magnetically, LaMnC >3 is an A-type antiferromanget. The magnetic structure 
is stabilized below Tat — 140 K by the ferromagnetic exchange interaction 
of the e g electrons in the plane and by the antiferromangetic superexchange 
interaction of the t^g electrons out of the plane. Recent magnetic neutron scat- 
tering studies have shown two-dimensional anisotropic spin wave dispersion 
and critical behavior, which also suggest an extended orbital in the basal plane 
[57]. 

When these 3x 2 — r 2 (n = —1) and 3 y 2 — r 2 (n = +1) -type orbitals shown 
in Fig. 9.1(a) are ordered and the oxygen atoms are shifted from their center 
position by the Jahn-Teller mechanism, the atomic scattering factor becomes 
anisotropic owing to the asphericity of electron density around the Mr? + ions. 
This anisotropy, however, is very small in the x-ray energy region. Therefore, in 
conventional x-ray diffraction theories the scattering factor treated as a scalar. 
However, near the absorption-edge energy we can detect this anisotropy be- 
cause the anisotropy of the anomalous scattering factor is enhanced through the 
resonant process. In short the orbital ordering of the eg electrons was observed 
directly by exploiting the sensitivity of x-ray scattering to an anisotropic charge 
distribution. Then we must write the atomic scattering factor as a tensor instead 
of a scalar as shown the following for Mn 3+ ion (n = ±1 in Fig. 9.1(a)); 

( h 0 0 \ / /„ 0 0 \ 

/(„ = +!)= 0 /|| 0 I ,f(n = —1) = I 0 f ± 0 ,(9.4) 

V 0 0 f ± j V 0 0 f ± J 

where /y is an atomic scattering factor in the direction of extension of the or- 
bital and /j_ is that in the other two principal directions. For the basis shown 




Charge and Orbital Ordering of Manganites Observed by Resonant X-ray Scattering 39 1 



LaMnCK 

8 







n F • i j 

6.53 6.54 6.55 6.56 6.57 6.58 6,59 
Energy (keV) 



Figure 9.4. Closed circles represent the energy dependence of the integrated intensity of the 
orbital ordering superlattice reflection (3, 0, 0) with n' polarization near the manganese K- 
absorption edge at T = 10.0 K. Similar results were obtained at the (1, 0, 0) reflection. 



in Fig. 9.1 (a), the forbidden ( h , 0, 0) and (0, k , 0) reflections (/i, k : odd) have 
appreciable intensities for incident photon energies near the Mn if -absorption 
edge due to the anisotropic circumstance of the Mn atom in the orbitally ordered 
state. As a result, this RXS from the orbital ordering has three unique char- 
acteristics. First one is the energy dependence. Figure 9.4 shows the energy 
dependence of the integrated intensity of the (3, 0, 0) reflection with 7/ polar- 
ization at T — 10 if. There is a striking enhancement of the intensity of the (3, 
0, 0) reflection at E — 6.555keV, about 3 eV^ above the edge, which identifies 
this resonance with an electric dipole transition (Is — > 4 p). 

Besides the enhancement, second characteristic of RXS from the orbital or- 
dering is a polarization dependence of the scattered beam. Figure 9.5 shows the 
definition of the polarization directions in the incident and the reflected beam. 
We call cr(cr') and ti^tt') polarization perpendicular and parallel to the scatter- 
ing plane, respectively. The polarization analysis is performed to discriminate 
between a ' and 7 r' polarization beams. We use the analyzer crystal with the 
Bragg reflection angle (29) which is close to 90 degrees. When the detector is 
put in the scattering plane, we can get only the d polarization beam. When 
we rotate the detector around the scattered beam by 90 degrees, only the 7/ 
polarization beam comes to the detector. In the manganites we use a Cu(220) 
crystal as a polarization analyzer crystal, which gives the Bragg reflection angle 
of 95.6 degrees at the manganese if -absorption edge. It is found from this po- 
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Detector 




Figure 9.5. Schematic view of the experimental configuration and definition of the polarization 
directions. 



larization analysis that the polarization of the reflections is rotated from the 
initial a polarization to the final 7 / polarization though the polarization of the 
normal Bragg reflection is not changed [58]. 

Third characteristic of the RXS is the azimuthal-angle dependence, which is 
an angle around the scattering vector. The angle is denoted by ip in Fig. 9.5. 
The normal Bragg reflection has no azimuthal-angle dependence because the 
atomic scattering factors are isotropic. However, the reflection from an orbitally 
ordered compound has a typical oscillation as a function of the azimuthal angle 
because the atomic scattering factor from anomalous terms becomes anisotropic 
as mentioned above. Figure 9.6 shows the azimuthal- angle dependence of 
the intensity of the orbital ordering reflection (300) at the resonant energy. 
The intensity approaches zero near ^ = OP and 180°. The solid curve is the 
theoretically predicted behavior, sin 2 ip. This result reflects the anisotropic 
electron density in the ab plane arising from the orbital ordering. 

These results can be understood on the basis of a simple model of the x-ray 
physics taking into account the orbital ordering [59]. Resonant x-ray scattering 
is a second order process in which a core level electron is promoted to an 
intermediate excited state, which subsequently decays. This can lead to new 
scattering mechanisms. In the present case, we consider a dipole transition 
process involving a Mn Is to 4 p transition. We assume that the 4 Pk, y , z states 
are initially unoccupied, but split by their interaction with the % electrons 
and the 2p electrons of the surrounding O atoms. This gives rise to a nonzero 
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Figure 9.6. Azimuthal-angle dependence of the intensity of the orbital ordering reflections (3, 
0, 0) normalized by the fundamental reflection (2, 0, 0) and (4, 0, 0) at E — 6.555 keV and at 
room temperature. The solid curve is the calculated intensity from Eq. (9.6) 



resonant scattered intensity at reflections sensitive to the difference between the 
orbitally ordered sublattices. We show below that the intensity of this scattering 
depends on the splitting of the excited state A and varies as (^) 2 , where T is 
the lifetime of the excited state. 

The resonant scattered intensity T es may be written [72], 



jres 



£ 



m=x ,y ,z;n=±l 



< s\py\prn >< Pm]P^\s > 
uj — (jJq — Suj^ + IT /2 



eV 



(9.5) 



where we have chosen a coordinate system such that x and y are along the 
ordered e 9 orbitals and 2 is perpendicular to the xy plane (Fig. 9.1(a)). | 5 > and 
| p > are the wave functions of the Mn Is and 4 p orbitals, respectively, P is 
the dipole operator, uo is the incident photon energy, and u^ is the energy of 
the unperturbed 4 p m levels. The incident (final) polarization of the photon is 
e(e') and n = ±1 labels the sublattice. <p m \P a \s> = A 5 ma , where A is a 
constant; Su^ = — A for n = +1, m — z,x\ = 2A for n +1, m = y; 
and so on. 

Note that the origin of the splitting, A, is not specified in the model. One 
possible mechanism is the Coulomb interaction between the 4 p and 3 d orbitals, 
which raises (lowers) the 4 p m levels lying parallel (perpendicular) to the direc- 
tion of extension of the orbital by 2A(A). An alternate mechanism is provided 
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Figure 9. 7. Temperature dependence of the normalized intensities of the charge ordering su- 
perlatiice (1/2, 1/2, 0) and the orbital ordering superlattice (5/4, 5/4, 0) at E = 6.552 keV , the 
azimuthal angle = 110 degrees in Lao.sSri.sMnCU. 



by the motion of the oxygen atoms away from regions of high charge density 
in the ordered state. This lowers (raises) the energies of the 4 levels lying 
parallel (perpendicular) to the direction of extension of the orbital. The detailed 
discussion on the mechanism to split 4 pm levels is given in the nest section. 

It is easy to show that for a 1 incident polarization, the orbital ordering shown 
in Fig.l does not give rise to a cr polarized scattered beam. That is, for any 
azimuthal angle ip, I acr r {ip) = 0. In the rotated 7 / channel, we find, 



C' wo « 



A 4 sin 2 ip A 2 



(T 2 + 4(2A - x) 2 ){T 2 + 4(A + x ) 2 ) ’ 



(9.6) 



where x = (c 0 — cjo). Thus, the model predicts that the scattering is all of the 
a — > 7r'-type and that it has a two fold azimuthal symmetry. This is in perfect 
agreement with the experimental results. We also note that the intensity is 
proportional to the square of the 4 pm splitting energy A. 

There are some other experimental techniques to observe charge and orbital 
orderings, for example, electron diffraction, (polarized) neutron diffraction, 
NMR, and so on. The advantages of the RXS technique compared with other 
techniques are that we can detect the temperature dependence of these order 
parameters and the correlation lengths even in a spin disordered phase. Finally, 
as an example we will show the temperature dependence of the order para- 
meter of the charge and orbital ordering in Lqo.sSri.sMnO^ The normalized 
intensities of the charge ordering superlattice (1/2, 1/2, 0) and orbital ordering 
superlattice (5/4, 5/4, 0) at E — 6.552 keV , ip — 11CP are plotted in Fig. 9.7. 
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Thus, the charge and orbital orderings occur concomitantly (and perhaps co- 
operatively) at a higher critical temperature (To = 210 K) than that of spin 
ordering (Tyj = 110 K). This result indicates that the spin ordering configur- 
ation is ruled by the charge and orbital ordering configuration. Below 2/v we 
observed the suppression of the order parameter of charge and orbital order- 
ing. The reason may be the following; The development of the spin ordering 
below Tjg promotes the hopping of electrons in the direction of parallel spins 
by double exchange mechanism, and this hopping of electrons tends to disturb 
the charge and orbital ordering. We can also discuss the correlation length of 
the charge and orbital ordering from the peak widths of these RXS reflections. 
In the next subsection, the examples are presented. 

2.2 Temperature Dependence of Charge and Orbital 
Correlations 

A Bilayered-Perovskite Manganite 

We present a typical example: the charge- and orbital-ordering in the 
bilayered-perovskite manganite LaS^M^Oy, which has a double MnC >2 layers 
between (La, Sr)0 layers. It has been reported that the charge and orbital order- 
ing in this compound occurs below 210 K and interestingly, the ordering col- 
lapses again below 100 K [60, 61,38]. The charge and orbital ordering structure 
in the intermediate temperature region has been determined by Wakabayashi 
et al [38]. In this study it is found that a simultaneous melting of the charge 
and orbital ordering in a wide temperature region between the intermediate- 
and low-temperature regions, which may be attributed to the phase separation 
of intermediated- and low-temperature phases. 

Figure 9.8(a) shows the integrated intensities of (3/2, 3/2, 0) and (5/4, 5/4, 
0) reflections as a function of temperature in the heating and cooling processes. 
The (3/2, 3/2, 0) and (5/4, 5/4, 0) reflections are obvious in the temperature re- 
gion Too > T > Tl, where Tl is 50 K upon cooling and 100 K upon heating. 
The correlation lengths of charge and orbital orderings were obtained from the 
widths of (3/2, 3/2, 0) and (5/4, 5/4, 0) reflections, respectively. Figure 9.8(b) 
shows the temperature dependence of correlation lengths in the [110] direction. 
These peaks show almost the same temperature dependence of intensity and 
width. This indicates that the charge and orbital ordered states simultaneously 
appear below Too, and collapse toward lower temperatures. From now on 
the observed high- (T > Too), intermediate- (Too > T > Tl ), and low- 
temperature- (Tl > T) states are referred to as the HT state, CO (charge and 
orbital ordered) state and LT state, respectively. The HT state is a paramag- 
netic phase with a disordered charge and orbital state. A marked hysteresis 
was observed in the transition between CO and LT states, while no hysteresis 
was detected between CO and HT states. This behavior is consistent with the 
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Figure 9.8. (a) Integrated intensity of the (3/2, 3/2, 0) and (5/4, 5/4, 0) superlattice reflections 

as a function of the temperature in LaSr 2 Mn 207 . (b) Temperature dependence of the correlation 
lengths of the charge and orbital order obtained from peak widths of (3/2, 3/2, 0) and (5/4, 5/4, 
0) reflections, respectively. The resolution limit is estimated from the width of (1, 1,0) Bragg 
reflection at 10 K. The peak width of (1, 1, 0) is also presented in the inset. 
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previously reported measurements of resistivity and electron, x-ray and neutron 
diffraction [60, 61, 37, 62, 63]. The disappearance of the charge and orbital 
order in the LT state is the intermediate behavior of the three-dimensional com- 
pound which has no charge/orbital order [64] and the single-layer compound 
which is ordered [54, 26]. This systematic change suggests that the dimension- 
ality or the band-width affects the charge and orbital ordering. Let us focus 
on the temperature variation of the correlation lengths. The correlation lengths 
change gradually with hysteresis in a wide temperature region between CO and 
LT states. On the other hand, we cannot observe any sign of short-range order at 
HT-CO transition temperature, because the superlattice peaks rapidly become 
broad with increasing temperature. The widths of the superlattice peaks reach 
the resolution value at Tqo > T > 150 K and Tco > T > 120 K in the heat- 
ing and cooling processes, respectively. The shrinkage of correlation lengths 
by cooling in the wide temperature region indicates that the transition between 
CO and LT states is not a normal phase transition. The temperature dependence 
of the width of the (1 10) Bragg reflection is presented in the inset of Fig. 9.8 (b). 
The width is slightly broad in the CO state compared with those in HT and LT 
states. These results suggest that two phases, that is the charge-orbital-ordered 
phase and the disordered phase, coexist in the CO state; As the temperature is 
decreased, the charge-orbital-ordered phase gradually diminishes in size. 

Recently, a reentrant behavior of the charge and orbital ordering in this com- 
pound was reported experimentally [37] and theoretically [65]. They observed 
a recovery in intensities of the superlattice reflection by high-energy x-ray dif- 
fraction. This reentrant behavior of charge and orbital ordering is discussed in 
terms of a polaron model. It is also reported that this behavior can be explained 
by a temperature-dependent polaron band width based on a two-dimensional 
extended Hubbard model. 
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Figure 9.9. (a) Temperature dependence of the peak intensities of the (0, 3, 0) charge order 

peak (closed circles) and the (0, 2.5, 0) orbital order peak (open circles) for the x = 0.4 sample, 
(b) Temperature dependence of the half widths at half maximum (HWHM). 



Charge and Orbital Fluctuation 

The RXS intensity from the charge and orbital ordering is normally very 
small compared with that of the fundamental reflections; the ratio between the 
two intensities is about 10 -4 — 10 -6 . Therefore, it has been considered that the 
short-range order, which reflects the charge and orbital fluctuation, cannot be 
observed because the intensity from the short-range order is much smaller than 
that from the long- range order. However, Zimmermann et al. have succeeded 
in detecting the signal from the charge and orbital fluctuation in Pri^ Ca x Mn 03 
with x = 0.4 and 0.5 above the critical temperature % — 245 K [31, 32, 33, 66]. 

For small x , Pri_ x Ca^Mn 03 has an orbitally ordered ground state at low 
temperatures analogous to that observed in LaMnCb, that is, ( 3x 2 — r 2 )/(3y 2 — 
r 2 )-type orbital order of the e g electrons in the afr-plane. For 0.3 < x < 0.7, 
charge order among Mn 3+ and Mn 4+ ions is believed to occur in addition to 
the orbital order. The proposed ground state in afr-plane is the same as that in 
Fig. 9.1(b). In orthorhombic notation, for which the fundamental Bragg peaks 
occur at (0 2k 0) with k integer, the charge order reflections occur at (0 2&+1 
0) and the orbital order reflections at (0 k+ 1/2 0). The magnetic structure is of 
the modified CE type. 
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The temperature dependences of the charge and orbital order obtained at 
resonance for the x = 0.4 sample have been examined. Longitudinal scans 
were taken of the (0, 3, 0) reflection with o' polarization and of the (0, 2.5, 0) 
with 7 r 7 polarization. Figure 9.9(a) shows the peak intensities on a logarithmic 
scale as a function of temperature. Below To, the charge and orbital order 
intensities follow the same temperature dependence, including an increase at 
the antiferromangetic ordering temperature, Tn = 170 K. This suggests that 
the corresponding order parameters are linearly coupled. On the other hand, 
the behaviors of the charge and orbital scattering in the vicinity of the Tq are 
very different from each other as shown in Fig. 9.9. A measurable charge order 
fluctuations have been observed at much higher temperatures above To than for 
the orbital order fluctuations. Figure 9.9(b) shows the temperature dependence 
of the peak widths. The corresponding peak widths are considerably narrower 
for the charge order, implying that the correlation lengths of the charge order 
are longer than those of the orbital order at any given temperature above Tq. 
Thus, the charge order fluctuations are more highly correlated than the orbital 
fluctuation. From these results they conclude that the charge order drives the 
orbital order at this transition of these systems. 

This is the first observation of the orbital fluctuation by using RXS. In the 
meantime, the orbital order-disorder transition has also been studied theoret- 
ically where the scattering cross section of RXS is given by the correlation 
function of the psuedospin operator for the orbital degree of freedom [107]. 
Nowadays the orbital order-disorder transition, that is, the order parameter and 
the fluctuation can be studied by RXS like spin in neutron scattering. 

Meanwhile, high-resolution measurements have revealed that the long-range 
orbital order is never achieved even below To; the correlation length is about 
320 A for the sample of x = 0.4 and 160 A for x — 0 . 5 . In contrast, the 
charge order is much more highly correlated to the instrumental resolution for 
both samples; the resolution limit corresponds to the correlation length 2000A. 
These results can be understood by considering the presence of an orbital domain 
state. Randomly spaced domain walls of this type would break the orbital 
coherence but preserve the charge order coherence. These domain walls affect 
the magnetic correlations on the Mn 3+ and Mn 4+ sublattice differently. The 
magnetic coherence of the Mn 3+ sublattice is broken by this domain wall, while 
the Mn 4+ sublattice remains unaffected. Actually, powder neutron diffraction 
studies of Lao.sCao.sMnC^ also reveal that the magnetic correlation lengths 
of Mn 3+ is much shorter than that of Mn 4+ . This is consistent with the RXS 
results. 
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3. Theory of RXS 

The differential scattering cross section of x ray from electrons is formulated 
by perturbational calculation in terms of the interaction between electrons and 
photons. The 5-matrix in the second order terms with respect to the interaction 
provides the following form of the scattering-cross section of x ray [72, 73]: 



d 2 a 

dQdojf 

x 



(jJ j- ^ I 2 

2^|5ie fciA/ • e kfXf + > Se ki x i )aS2a0(e kf \ f )i3 
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This is the so-called Kramers-Heisenberg formula. We consider the scattering 
of x ray with momentum ki, energy uj t = c\ki\ and polarization to kf, ojf 
and Xf. e klXl (l = i, /) is the polarization vector of x ray, and |i), | m) and |/) 
indicate the electronic states in the initial, intermediate and final scattering states 
with energies e l? e rn and ey, respectively. A factor ot = (e 2 /me 2 ) 2 is the total 
scattering cross section of the Thomson scattering and T in the denominator 
in S 2 indicates an inverse of the life time of | m) due to the many body effects 
and the multiple scatterings. j(k) and p(k) are the Fourier transforms of the 
electronic current operator and the charge density operator, respectively. When 
p(k) and j(k) are decomposed into the charge and current operators at each 
lattice site ( pi (k) and j) (k)), the atomic scattering factor (ASF) at site l is defined 
by 

fla.fiik'iikf') foi(ki 1 kf)S a p Afi a p(ki, &/). (9.10) 

The first jind second terms are the normal and anomalous terms of ASF 
(Afiaf 3 (ki,kf) = f[ a p(ki,kf)+if" a/3 (ki, kf)), respectively. These are derived 
from .S' 1 and S- 2 rt j , in Eqs. (9.8) and (9.9) where p(k) and j(k) are replaced by 
pi ( k ) and ji (k), respectively. When the incident x-ray energy 14 is far from the 
energy difference of the initial and intermediate electronic states % — £i. Si 
dominates the scattering. On the other hand, when 04 is close to — e,, the 
real part of the denominator in the second term of .S) becomes zero. This is the 




Charge and Orbital Ordering of Manganites Observed by Resonant X-ray Scattering 401 




Figure 9.10 . A scattering process of RXS where the incident x-ray energy is tuned at Mn K 
edge. 



resonant x-ray scattering. It is known that a magnitude of A fi a / 3 (ki, &/) at the 
resonant condition is comparable to that of &/) [24, 74]. 

Here we consider the resonant scattering at Mn if -edge [75]. The schematic 
picture of RXS process is presented in Fig. 9.10. In this case, the a component 
of the current operator j(k) is explicitly given by 

j a(k) = “ Y,e^ iA *P-isa(k)PL a s ia + H.c . , (9.1 1) 

ia 

with 

A 4p -is(k) = j dfe- ?: ^{^(f)V^ s (r) - V0* P (f)0 s (r)}. (9.12) 

P- aa and Si a are the creation operator of the Mn 4 p electron and the annihilation 
one of the Mn Is electron, respectively with a Cartesian coordinate a and spin 
a at site i. 0p( s )(r) is the Wannier function for the 4p(ls) orbital, and n 
indicates the position of the z-th ion in a crystal lattice. In comparison with other 
experimental methods, RXS has the following advantages to detect the orbital 
ordering: (1) The wave length of x ray is shorter than a lattice constant of the 
perovskite unit cell. Thus, the diffraction experiments can be carried out for the 
orbital superlattice, unlike Raman scattering and optical reflection/absorption 
experiments. (2) As shown in Eq. (9.9), £2 is a tensor with respect to the 
incident and scattered x-ray polarizations. On the contrary, Si is a scalar. (3) 
By tuning the x-ray energy at the absorption edge, the scattering from a specific 
element, such as a Mn 3+ ion, can be identified. 

The microscopic mechanism of RXS in orbital ordered state, i.e. the mech- 
anism of the anisotropic tensor elements of ASF is one of the central issues of 
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Figure 9.11. A schematic energy diagram of the Mn 4 p orbitals at the d Sx 2 _ r 2 orbital occupied 
site in the Coulomb mechanism. 



RXS in orbital ordered systems. The initial x ray tuned around the K edge of a 
Mn 3 + ion causes the dipole transition from the Is orbital to the Ap orbital in the 
intermediate scattering states. Therefore, this transition does not access to the 
3 d e 9 orbital directly, and certain mechanisms bringing about the anisotropy of 
ASF exist. 

One of the promising candidates, which bring about the anisotropy of ASF, 
is the Coulomb interaction between 3d and Ap electrons [75]. Consider an 
orbital ordered perovskite manganites. The Coulomb interaction between the 
3d electron with orbital 7 (= 3 z 2 — r 2 ,x 2 — y 2 ) and the Ap one with orbital 
a(= x, y, z) is represented by 

V*t Ap = Fo&dAp) + ^F 2 (3d,4p)cos(X + ym Q ), (9.13) 

where (ra x , m y , m z ) = (1, 2, 3) andF 0 ( 2 ) (3c?, Ap) is the Slater-integral between 
the 3d and Ap electrons. 0 1 characterizes the wave function of the occupied 
orbital as |c? 7 ) = cos(# 7 /2)|d 3/2 2_ r 2) — sm(9 1 /2)\d x 2_ y 2). As a result of this 
interaction, the degeneracy of the three Ap orbitals is lifted and the energy levels 
of the Ap y and Ap z orbitals relatively decrease at the site where the d% x 2_ r 2 or- 
bital is occupied (see Fig. 9.1 1). The anisotropy of ASF is brought about such 
that \Afiyy \ = \Af lzz \ = f s , \Af ixx \ = fi and/; < f s . At a site where d 3y 2 _ r 2 
orbital is occupied, the conditions \Afi xx \ = \ Afi zz \ = f s and \ Afi yy \ = fi is 
derived. A RXS intensity at the orbital superlattice reflection point is propor- 
tional to | Af 3x 2 _ r 2 aa — Af 3y 2 _ r 2 aa \ 2 and is finite in the cases of a = x and y. 
This is consistent with the azimuthal angle dependence of RXS experiments in 
several manganites. In addition to the 3d — Ap Coulomb interaction, the inter- 
site Coulomb interaction between the Mn Ap electron and the O 2 p hole causes 
the anisotropy of ASF. Due to a strong hybridization between Mn 3d and O 
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Figure 9. 12. A schematic energy diagram of the Mn 4 p orbitals at the d$ x 2 _ r 2 orbital occupied 
site in the Jahn-Teller mechanism. 



2 p orbitals, the | <% x2 _ r2 ) state strongly mixes with the \d^ x2 _ r2 dy 2 _ z 2 Ly‘ 2 - z 2 ) 

state. L y 2_ z 2 indicates a state where one hole occupies the linear combination 
of the ligand O 2 p orbitals with the y 2 — z 2 symmetry. The interaction between 
the 4 p electron with orbital a and the O 2 p hole with 7 is given by 

V r 7 2 a _4p = ~ £ + COS (7 + m a ~y (9.14) 

where e = Ze 2 ja and p = {r± p )/a with Z — 2 and the average radius of the 
Mn 4 p orbital ( 7 * 4 ^). The relative level structure caused by this interaction is 
the same as that shown in Fig. 9.1 1 . 

Another mechanism of the anisotropy of ASF was proposed from the view 
point of the Jahn-Teller type lattice distortion [80, 8 1 , 82]. Consider the d^ x 2_ r 2 
orbital occupied site. A lattice distortion of an 0^ octahedron along the x 
direction is often observed around this Mn site. This is termed the Jahn-Teller 
type lattice distortion. Since the Mn-O bond lengths along the x directions 
are elongated, the hybridization between O 2 p x and Mn 4 p x orbitals in these 
bonds is weaker than others. As a result, the three 4 p orbitals split so that the 
energy level of the 4 p x orbital is lower than those of the 4 py and 4 p z orbitals 
(see Fig. 9.12), because the 4 p orbitals are the so-called anti-bonding orbitals. 
This tendency is opposite to that due to the Coulomb mechanism and is termed 
the Jahn-Teller mechanism. The anisotropy of ASF at the K edge is given such 
that \Afi yy \ = \Af lzz \ = f s , \Afi xx \ = fi and /; > 

It is hard to claim which is the dominant mechanism of RXS in manganites. 
This is because of the following reasons: (1) The RXS intensity is proportional 
to the square of the level splitting of the Mn 4 p orbitals A(= ^ — £ z ), where 
£ x ( z ) is the energy level of the Mn 4 p x ^ orbital, and does not depend on the sign 
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of A [27]. (2) Quantitative estimations for the anisotropy of ASF are difficult 
theoretically, because in the calculation, both the local correlation effects, such 
as the core hole potential and the 3d-Ap Coulomb interactions, and the large 
itinerant character of the 4 p electrons, should be treated on an equal footing. 
Here we introduce the experiments which suggest that the Coulomb mechanism 
is expected to dominate in these compounds: (1) It has been experimentally 
revealed that, in Lao. 88 Sro.i 2 Mn 03 , the Jahn-Teller type lattice distortion ap- 
pears among 291 K> T >145K, and this distortion is almost quenched below 
145K. RXS intensity is not observed in the region of 291K> T >145K but 
appears below 145K [28]. That is, the temperature range where the Jahn-Teller 
distortion appears and that where the RXS intensity is observed are different. 
These results suggest that the anisotropy of ASF in this compound is not caused 
by the Jahn-Teller mechanism. (2) In the orbital ordered YTiQ}, four kinds of 
orbitals are arranged in a unit cell. RXS experiments were recently carried out 
at several reflection points and the polarization configurations. Through the 
quantitative analyses, it was concluded that the relative scattering intensities is 
not consistent with the prediction based on the Jahn-Teller mechanism [35] . 

By taking into account the above facts, we introduce here the calculated 
results based on the Coulomb mechanism [78, 79]. We start with the electronic 
Hamiltonian: H — Cluster + Tfband- ^duster is for the electronic system in 
a Mn06 cluster where x ray is absorbed, and 7"4>and is for the Mn 4 p bands 
which couples with electrons in the cluster. The Mn 3d , 4 p and Is orbitals and 
the O 2 p ones are introduced in Cluster as 7Y c iuster = 'Hsd- 3 d + W 3 d —4 p + 
^is- 3 d, 4 p + ^ 2 p- 3 d- ^ 3 d- 3 d indicates the Coulomb interaction between Mn 
3d electrons, that is, the intra and inter orbital Coulomb interactions (U and 
U f ) and the Hund coupling (J# ). H^d-Ap represents the Coulomb interaction 
between Mn 3d and 4 p electrons introduced in Eq. (9.13). Hu-map describes 
the core hole potential between a 1 s hole and 3d electrons and that between a 
hole and 4 p electrons, and 7f2p-3d represents the mixing of the Mn 3d and O 2 p 
orbitals. Tfband is the tight-binding Hamiltonian for Mn 4 p electrons. A simple 
cubic lattice of a Mn ion is considered and the Mn 4 p orbitals are introduced at 
each Mn site. 

The model Hamiltonian describes interacting electrons in a MnCfc cluster 
and the Mn 4 p band. Therefore, neither the conventional numerical methods in 
a small cluster nor the perturbational approaches in terms of the Coulomb in- 
teractions are utilized to calculate ASF. We adopt the memory-function method 
(the composite-operator method, the projection method) in the Green’s function 
formalism [78, 84, 85] which is reliable to describe the itinerant and localized 
nature of correlated electrons on an equal footing. The relevant part of ASF at 
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site l (Eq. (9.10)) is represented by the Green’s function as 

Im V Im Gi aa (u> + ir), (9.15) 

<7 

where Gi aa (ou) is the Fourier transform of the retarded Green’s function 

Gi aC r(t) = 0(t)(i\[jj aa {t), Ji a(T (0)]\i) with J iaa = P ] laa si a . We introduce 
the relaxation function Q aa ( u) which has a relation with Gi aa (uj) as 

lmGi aa (u>) = f3ulmCi aa {uj) . ( 9 . 16 ) 

T— >0 

By utilizing the equation of motion method, the relaxation function is obtained 
by the continued fraction form [85]: C/ acr ( u) = SM^°\uj) with 

r(n) 

8M {n ~Vt w ) = _ , (9.17) 

C 0 - (Mq W + 5M( n ){uj))l(n)-l 

for n > 1 . Here, I in] is the normalization factor, Alf is the static part of the 
self-energy and the 8MG~ l ) ) is the memory function (dynamical part of the 
self-energy) which is represented by the relaxation function of the composite 
operators fj. The composite operators are products of the electronic operators 
in a MnC >6 cluster and are treated as single quantum variables. The detailed 
formulation has been presented in Refs. [84, 85]. 

Advantages of the memory functional method in this issue are the following: 
(1) The many-body excitations in a MnC% cluster are treated by the composite 
operators i/j. For example, the following operator product is adopted as a com- 
posite operator: ijj = 7 ’ where d\ and p ^ are the creation and 

annihilation operators of the Mn 3 d and O 2 p electrons with orbital 7 at site 
i. The operator ip describes the dipole transition from the Mn Is to 4 p orbitals 
associated with the charge transfer from O 2 p to Mn 3 d orbitals. This corres- 
ponds to the so-called well-screened intermediate state, i.e. [Is 3 dS g 4 p 1 L) 
where L indicates that a hole occupies the ligand O 2 p orbitals. The energy 
of this many-body excitation is lower than that of the so-called poor screened 
state | Is 3 de l g 4 p 1 ) where the excitation is described by Ji acr = P} a(T Si c r . It 
is experimentally confirmed that the well-screened state dominates the finial 
state of the x-ray absorption spectroscopy and the intermediate state of RXS 
[ 86 , 87, 88 , 89, 90]. By utilizing the composite operators, the many-body excit- 
ations and the configuration interactions between them are taken into account 
in this formalism. These are not included in ASF calculated by the independ- 
ent single-particle scheme with an averaged potential, such as the LDA band 
calculation [80, 82]. (2) The itinerant characters of the 4 p electrons are taken 
into account in the memory function SM^ n \uj). This effect is of importance 
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Figure 9.13. (a) The energy dependence of the imaginary part of ASF. The 3d 3x 2_ r 2 orbital 

is occupied in the [3d 3x 2_ r 2 /3d 3?/ 2_ r 2]-type orbital ordered state. The full, dashed and dotted 
lines indicate ASF for a = x,y and z, respectively. [79] (b) The energy dependence of the 
scattering intensity of RXS in the [3d 3x 2_ r 2 /3d 3y 2_ r 2]-type orbital ordered state [79]. 



for the energy dependent ASF, since the band width of the Mn 4 p electron is 
of the order of lOeV. This is not well described by the calculations in a small 
size cluster [75, 81]. 

The calculated ASF is shown in Fig. 9.13(a) [79, 78]. The orbital ordered 
state, where the 3d 3x 2_ r 2 and 3d 3y 2_ r 2 orbitals are alternately aligned in the 
ab plane, is assumed and ASF at the 3d^ x 2_ r 2 orbital occupied site is shown. 
The utilized parameter values are Fo(3d,4p) = 3.5, F 2 (3d, 4p) = 0.25 and 
r = 1.5 in units of t p d being about 1~1.5 eV. This value of F 2 (3d, 4 p) is inter- 
preted to include the effects of the inter-site Coulomb interaction (Eq. (9.14)) 
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which is not considered explicitly in the model Hamiltonian. The lower edge 
of the spectra around (u — (sp — e 8 ))/t P d = —10 corresponds to the Mn 3+ 
K absorption edge. ImA // QQ shows a continuous spectra which spread over 
a wide region of energy uj. This feature reflects a broad width of the Mn 4 p 
band. It is worth mentioning that the energy dependence of ImA f aa is not 
the 4 p density of states itself; there exist several peak structures in ImAjf aQ 
which originate from the local excitations in the MnCfe cluster. Near the ab- 
sorption edge, the anisotropy between ImA// xx and ImA fi yy ( zz ) is remarkable 
and ImA fi yy ( zz ) governs the intensity. This anisotropy originates from the 
Coulomb interaction between 3 d and 4 p electrons which pushes up the 4]^ 
band at the 3d 3x 2_ r 2 orbital occupied site. The scattering intensity of RXS, 
I = (mt pd /2\Ai sip \) 2 \(Afi xx - Afi yy )\ 2 . A sharp peak structure near the 
K edge together with a small intensity above the edge appears in ASF. Both 
structures were confirmed in the experimental spectra in several manganites 
with orbital order [27, 31, 38]. 

4. Recent development of Resonant X-ray Scattering 

The RXS has been rapidly developed and becomes to have a very wide ap- 
plication. The target substance is spreading over titanates and vanadates as well 
as manganites. Besides, the RXS can be applied to the detection of the orbital 
ordering in f-electron systems, that is, quadrupolar ordering. Hirota et al. and 
Tanaka et al. have succeeded in observing the antiferroquadrupolar (AFQ) or- 
dering in DyB2C2 near the Dy L 3 absorption edge by using RXS [39, 40, 41]. 
The much weaker coupling between the orbital degrees of freedom and the lat- 
tice in 4 / electron systems than in 3 d compounds makes them an ideal platform 
to study orbital interactions originating from electronic mechanisms. This first 
observation was followed by the observation of AFQ in CeBg, which has been 
considered as a typical compound of the AFQ ordering in spite of no direct 
evidence [67, 68, 69]. Nakao et al. have detected a AFQ order parameter at 
= (1/2, 1/2, 1/2) in CeBg under zero magnetic field [48]. The signal is enhanced 
at 5.722 keV which is the I/3-edge of the Ce ions corresponding to the 2 p to 5 d 
dipole transition. The (hhh) scan at this energy has a clear peak whose peak 
width is as narrow as the instrumental resolution-limit. This is strong evidence 
of the long-range order of AFQ. Moreover, no lattice distortion is observed 
through this AFQ ordering transition reflecting the weak coupling between the 
AFQ and the lattice. This transition has been examined in the magnetic field 
up to 2 T. The transition temperature is increased when the applied magnetic 
field is increased. The temperature-field phase diagram obtained from these 
measurements is in quite good agreement with the previous results of neutron 
diffraction [70]. The microscopic mechanism of this RXS to split the 5 d levels 
is theoretically considered to be the Coulomb interaction between the ordered 
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4/ orbitals and 5 d orbitals owing to the very weak lattice coupling with AFQ 

[71]. 

The RXS technique described above has some limits. For example, the ob- 
servation of ferro-type orbital ordering is one of the difficulties. Up to now, 
we have observed only antiferro-type orbital ordering where the RXS signal 
appears at superlattice points without fundamental peaks. On the other hand, 
it has been considered that a ferro-type orbital ordering cannot be observed by 
RXS. Because the signal in a ferro-orbital ordering is expected to appear at nor- 
mal Bragg points where a very large Bragg peak is superposed, then we cannot 
discriminate between the orbital signal and the Bragg peak. However, recently 
Kiyama et al. have succeeded in observing the signal from ferro-type orbital 
ordering systems by exploring the interference term between Thomson scatter- 
ing and RXS [83]. They succeeded to observe the orbital state of superlattice in 
manganite multilayers. The other problem of RXS is the quantitative determin- 
ation of the orbital state. Until now we have discussed only the symmetry of the 
orbital state from the RXS of a finite reciprocal points. Therefore, we could not 
determine the quantitative orbital state: in manganites, the determination of the 
coefficient in a linear combination of 3 z? — r 2 with x 2 — y 2 . However, recently, 
Nakao et al. have succeeded to determine the orbital state of YTiQ by taking 
resonant x-ray scattering intensity at several reciprocal points and comparing 
the relative intensities [35]. In this case, strictly speaking, they could determine 
anisotropic atomic tensors of orbitally ordered titanate ions. This is a first trial 
to determine the orbital state quantitatively by using RXS. 

5. Resonant Inelastic X-ray Scattering to Observe Orbital 
Excitations 

In comparison with the orbital ordering introduced above, little is known 
about the orbital excitations and experimental probes to detect them. Recently, 
a three-peak structure around 150 meV in Raman spectra were observed in 
LaMnC >3 and were interpreted to be the scattering from the collective orbital 
excitations termed orbital wave [91, 92, 93, 94]. Now we introduce the inelastic 
spectroscopy of RXS i.e., the resonant inelastic x-ray scattering (RIXS) as a 
probe to detect the orbital excitations. This technique is a momentum resolved 
probe to detect the bulk electronic structures [95, 96] and rapidly progresses 
accompanied with the recent advances of the third-generation synchrotron light 
source [90, 97, 98, 99, 100, 101, 102]. 

The orbital state is described by the pseudo-spin operator T* defined by 
T/ = (1/2) where di 1<7 is the annihilation operator of 

Mn 3d orbital with spin a and orbital 7 at site i, and a is the Pauli matrices. 
The orbital order parameter with the [3^2 _ r 2 /3d 3y 2_ r 2 ] -type is denoted by 

the Fourier transform of (f*) as (T k ) = ((\/3/4)<% =(jrjr0) , 0, -(l/4)<% =(000) ). 
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Figure 9.14. A schematic scattering processes of the orbital excitations in RIXS. The wavy 
arrows indicate incident and scattered x ray f 1 05] . 



The orbital excitations are defined by deviations of Tk from these values. There 
exist two kinds of the orbital excitations: the collective orbital excitation termed 
the orbital wave and the individual excitation. The orbital wave is analogous 
to the spin wave in the magnetically ordered states [103, 104, 91]. On the 
other hand, the individual orbital excitations are likely to the Stoner excitations 
in magnets. These are caused by the electronic excitations from the lower 
Hubbard band (the major orbital band) to the upper Hubbard bands (the minor 
orbital band) across the Mott gap or the charge-transfer gap. 

The following are the possible scattering processes from the orbital excita- 
tions in RIXS [105]: The incident x ray excites an electron from Mn Is orbital 
to Mn 4 p one. In the intermediate state, the 3 d electron is excited from the oc- 
cupied orbital to the unoccupied one through the Coulomb interaction between 
3 d and 4 p electrons. Finally, the 4 p electron fills the core hole by emitting x 
ray. This process is denoted by 

|3 d!y) + TiWi — > Ls) — > — > |3dl 7 ) + huj, (9.18) 



and schematically shown in Fig. 9.14. The scattering cross section of RIXS is 
obtained by the Liouville operator method [106, 107] and is given by 



d 2 a 

dCtdhjf 




^ ^ Pol' Polyol' ol 



(9.19) 



with K = ki — kf, uj = Ui — uj f and P a = {ek f x f )a(^kiXi)a- n a > a (u,K) is 

the Fourier transform of U Qf a 'pa{t, P' ~ n) defined by 

n a'afaft'-n) = l ^~ 2 ls|4 

crcr / 77 / 

X (T Vxr 7 ,{t)^T lx(T { 0)). (9.20) 



Ti xa defined as Ti x — 'Pixo- represents a flipping of the pseudo-spin, and 
the factor D 1(J(X is an amplitude of the orbital excitations from the occupied 
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Figure 9.15. RIXS spectra II p' a ' K) for the [d 3x 2 _ r 2 /d 3y 2 _ r 2 ] -type orbital ordered 
state. The momentum transfer is K — (qOO) (T — X direction) in the cubic Brillouin zone. The 
polarization of x ray is chosen to be a = a = /3 = ft = x (the x polarization), to is estimated 
to be about 0.5 ~ 0.7eV [106]. 



3 dry orbital to the unoccupied 3 gL 7 one by x ray with the polarization a. We 
note that the scattering cross section is represented by the correlation function 
of the pseudo-spin operators. 

RIXS from the individual orbital excitations are calculated. The correlation 
function of T\ xa in Eq. (9.20) is obtained by applying the Hartree-Fock approx- 
imation to the Hubbard model with orbital degeneracy. The RIXS spectra is 
shown in Fig. 9.15 [106]. to is the effective electron transfer between nearest 
neighboring Mn sites and is about 0.5~0.7eV. A gap of the RIXS spectra up 
to about 4to corresponds to the Mott gap. A weak momentum dependence is 
seen in the RIXS spectra. The energy and momentum dependences of the RIXS 
spectra are interpreted by the electronic band structure. The occupied bands 
have the d 3x 2_ r 2 and d^ y 2_ r 2 orbital characters, the lowest unoccupied bands 
have the d y 2_ z 2 and d z 2_ x 2 orbital ones, and the Mott gap opens between these 
two. The main RIXS spectra are attributed to the transitions from the lower 
Hubbard band to the upper Hubbard band. Note that the lowest unoccupied 
bands show an almost flat dispersion, because electron hopping between the 
d y 2_ z 2 and d z 2_ x 2 orbitals is forbidden in the ab plane. This is the reason 
of the weak momentum dependence of RIXS spectra in comparison with that 
in cuprates [100]. The RIXS experiment was recently performed in LaMnCh 
in SPring-8 [102]. The mainly three peaks were observed around 2.5eV, 8eV 
and 1 leV. The lowest peak around 2.5eV shows the momentum and azimuthal 
angle dependences and both are consistent with the theoretical calculations 
qualitatively [108]. 

6. Summary 

In this chapter we have reviewed recent experimental and theoretical studies 
of the resonant x-ray scattering technique on the charge and orbital ordering 
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of manganites and related compounds. In particular, we have made a detailed 
explanation for the RXS technique to observe the orbital ordering. It has been 
considered that the orbital degree of freedom is a hidden degree of freedom be- 
cause the experimental technique to observe the orbital ordering has been very 
limited. The phenomena concerned with the orbital degree of freedom spread 
over in many parts of the correlated electron systems. The RXS will elucid- 
ate the undeveloped region and have a wide application to strongly correlated 
electron systems. 

The RXS technique is very powerful to especially discuss the temperature and 
external fields dependence of the order parameters and their correlation lengths 
in charge and orbital ordering. Here, beyond the microscopic mechanism of the 
RXS, it has been shown that the scattering cross section of RXS is represented 
by the orbital order parameter. This expression will be applicable to study 
the orbital order-disorder phase transition. Moreover, the resonant inelastic 
x-ray scattering to observe orbital excitations has been reviewed. The RIXS 
reveals the charge and orbital momentum-resolved excitations to detect the 
bulk electronic structure of unoccupied states. This technique also has a wide 
application to detect new kinds of electronic excitations. The recent progresses 
of the synchrotron radiation source and related experimental techniques will 
make possible many observations of exotic electron states in correlated electron 
systems. 
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Abstract The electronic properties of many transition metal oxide systems require new 
ideas concerning the behaviour of electrons in solids for their explanation. A 
recent example, subsequent to that of cuprate superconductors, is of rare earth 
manganites doped with alkaline earths, namely Re\- x A x MnC)2,, which exhibit 
colossal magnetoresistance, metal insulator transition and many other poorly 
understood phenomena. Here we show that the strong Jahn Teller coupling 
between the twofold degenerate ( d x 2_ y 2 and d 3z 2_ r 2) e g orbitals of Mn and 
lattice modes of vibration (of the oxygen octahedra surrounding the M n ions) 
dynamically reorganizes the former into a set of states (which we label I) which 
are localized with large local lattice distortion and exponentially small intersite 
overlap, and another set (labelled b ) which form a broad band. This hitherto 
unsuspected but microscopically inevitable coexistence of radically different £ 
and b states, and their relative energies and occupation as influenced by doping x, 
temperature T, local Coulomb repulsion U etc., underlies the unique effects seen 
in manganites. We present results from strong correlation calculations using the 
dynamical mean-field theory which accord with a variety of observations in the 
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orbital liquid regime (say, for 0.2 ~ x ~ 0.5). We outline extensions to include 
intersite £ coherence and spatial correlations/long range order. 



1. Introduction 

Solid state oxides containing transition metal ions with unfilled d shell elec- 
trons have been at the centre of attention in condensed matter and materials 
physics for the last two decades because of the variety and novelty of electronic 
phenomena in them and the possibility of new applications. The d electrons 
in solids are not as extended as s ,p electrons or as localized as / electrons. 
Their motion in the system is highly constrained by the large local (on site) 
d — d repulsion or Mott-Hubbard correlation U. The central question is how 
this strong correlation, and other factors such as orbital degeneracy and electron 
lattice coupling, lead to electronic behaviour qualitatively different from that 
of conventional solids which are successfully described as degenerate Fermi 
liquids with well defined interacting electronic quasi-particles. 

While the best known examples of these are the high T c cuprate superconduct- 
ors [1], during the last decade another group of oxides, namely the manganites 
Re\- x A x MnO 3 (where Re = La, LY, Nd etc. and A = Ca, SY, Ba etc.) 
has become a focus of major activity. The initial interest was sparked by the 
discovery [2] that their electrical resistivity changes enormously with the ap- 
plication of a magnetic field, the change (colossal magnetoresistance or CMR) 
being two or more orders of magnitude larger than the normal cyclotron or- 
bital effect characterized by the dimensionless parameter (u^r) 2 . Subsequent 
work has shown a bewildering variety of phases, phase transitions and phe- 
nomena [3, 4] depending on the doping x, temperature T, and ionic species Re 
and A as well as external perturbations. An example is the phase diagram of 
La\- x Ca x MnO 3 (Fig. 10.1) which shows an insulating, Mn — O bond (Jahn- 
Teller) distorted but structurally ordered phase for small x, the transition of this 
at low T from a ferromagnetic insulator to a ferromagnetic metal at x ~ 0.2, 
and thence to a charge ordered insulating phase for x~ 0.5. For 0.2 ~ x ^ 0.5 
this becomes a paramagnetic insulator above a T c ~ 250 K , with CMR near T c . 
The phase diagram varies considerably with the ionic species. For example, 
Lai- x Sr x MnOz has a paramagnetic metallic phase for 0.175 ~ x ~ 0.5 and 
shows no charge/orbital order , while Pri- x Ca x MnOs has no metallic phases 
(even ferromagnetic) [3, 4]. Two other general characteristics are the follow- 
ing. First, physical properties are extremely sensitive to small perturbations; 
examples being the CMR itself, the unusually large strain and ion size effects 
[5, 6, 7], the melting of charge/orbital ordering for anomalously small magnetic 
fields and a metal to insulator transition induced by the electronically benign 
substitution of O 16 by 0 18 [8]. Secondly, over a wide range of x and T, two 
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Figure 1 0.1. The phase diagram of La\- x Ca x MnOz in the doping x and temperature T 
plane (adapted from Ref. [24]). Various kinds of anti-ferromagnetic insulator(AF), paramagnetic 
insulator(PI), ferromagnetic insulator(FI), ferromagnetic metal(FM) and charge/orbital ly ordered 
insulator(CO/0 O*) are the phases shown. O and O* are Orthorombic(Jahn-Teller distorted) 
and Orthorombic(Octahedron rotated) structural phases. 



very different types of regions, one insulating and locally lattice distorted and 
the other metallic and undistorted, coexist [9]. The regions can be static [10, 11] 
or dynamic [11, 12, 13]; their size can vary from 100 A° [14] to 3000 A° [10]. 
All these observations suggest that metallic and insulating phases are always 
very close in free energy. 

These phenomena cannot be described satisfactorily in terms of well known 
models for electrons in solids. For example, one might expect generally that 
doping LaMnOs (a Mott insulator) with Ca introduces mobile holes in the 
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Mn — d band so that the system ought to be metallic at least in the high symmetry 
paramagnetic phase; but it is not till x ~ 0.20. The observed properties of 
manganites need to be understood in terms of the active degrees of freedom 
which are believed to be the twofold degenerate eg electrons and the Eig core- 
spins of Mn, and Jahn-Teller(JT) optical phonon modes of the oxygen octahedra 
and the interactions between them. There are three strong interactions present, 
namely the large on site d — d repulsion U ~ 5 eV" [15, 16] amongst the 
e g electrons, strong JT mode - e g electron coupling g which splits the doubly 
degenerate e g level by about 2Ejt — 1 eV [17, 18], and the large ferromagnetic 
Hund’s rule coupling Jh between e g and t 2 g spins (~ 1 to 2 eV [15, 16]). For 
comparison, the e g electron kinetic energy scale or band width W = 2 D 0 is 
~ 2eV [15, 16]. The presence of a large JT coupling is clearly indicated by 
the two ‘phase’ coexistence[9] (with one ’phase’ being lattice distorted and 
insulating, and the other metallic and undistorted) as well as by the sensitivity 
of properties to lattice strain or local disorder, and giant isotope effect[ 8 , 19] 
alluded to above. Indeed, large JT distortions, while long ranged in LaMnQ, 
persist locally well into the metallic regime[l 1, 12] (x < 0.3, and T > 77 K), 
where they are short ranged. Understanding the observed consequences of these 
interactions is one of the major challenges in the physics of strongly correlated 
electrons. 

Most existing theories [20, 21, 22, 23, 9] for manganites neglect one or the 
other of these strong interactions, make further approximations, and are inad- 
equate qualitatively and quantitatively. The earliest theoretical approaches [20], 
commonly referred to as double exchange theories, consider solely the Hund’s 
rule exchange Jh . However, only a metallic state is possible in this case. A the- 
ory due to Millis, Mueller and Shraiman [21] additionally includes the effect of 
the coupling g, but treats the local JT lattice distortion classically, as annealed 
static disorder, and neglects U. A polaronic insulating phase also occurs in 
that case for large enough g, but the predicted results do not resemble experi- 
ments; for example at x 7 ^ 0 , one finds only metal-metal or insulator-insulator 
Curie transitions, unlike the commonly observed metal-insulator transition. The 
magnetoresistance is not colossal and there is no isotope effect. Dagotto and 
coworkers (see eg. Ref. [9]) have done extensive numerical simulations of 
several models, but on rather small lattices, and seen lots of instances of "phase 
separation". The early simulations explored the competition between (double 
exchange induced) ferromagnetism and anti-ferromagnetic (super)exchange, 
amplification and generation of small scale phase co-existence by disorder, and 
identified the two kinds of magnetic domains with metallic and insulating re- 
gions. Later simulations explored similar issues including static JT couplings. 
Based on these, they suggest[9] that transport in manganites should be pictured 
in terms of a random resistor network arising from tunnelling between mis- 
aligned ferromagnetic metallic domains across insulating regions, and that the 
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CMR arises from enhanced tunnelling due to field induced alignment of the 
magnetic domains. There are many other models designed to address specific 
effects, but no theoretical ideas which explain the novel general features of 
manganites cohesively. 

We propose here a new approach to the physics of manganites which includes 
all the three strong interactions, the double degeneracy of eg orbitals as well 
as the quantum dynamics of phonons. It leads to a simple physical description 
from which the properties of manganites follow naturally. Calculations of 
ground state and transport properties at finite temperatures are also presented. 
We believe that the ideas are of wide relevance to a large number of solid state 
and molecular systems with similar ingredients. 

2. Coexisting polaronic and band states 

Our ideas are principally based on two facts; namely the two fold degeneracy 
of the e g orbital and the strong (degeneracy lifting) JT interaction characterized 
by the large dimensionless ratio ( Ejt/Tiujq ), (~ 10 for manganites, seeref.[17]) 
where huu o is the JT optical phonon energy ~ 0.075 eV [25]. This coupling 
leads (as shown in greater detail below) to a large local JT distortion Q) being 
associated with one linear combination of the orbitals (JT polaron, labelled £ by 
us) when it occupied by a single electron. If the JT modes are not approximated 
as static displacements [21] but are treated quantum-dynamically, the inter-site 
hopping of the JT polaron is reduced by the exponential Huang Rhys [26] factor 
rj = exp{ — (Ejt /2Tiuuq)} ~ (1/200) for Ejt = 0.6 eV and huj 0 ~ 0.06 eV . 
This is the antiadiabatic limit overlap between the initial and final JT phonon 
wave functions (centred around Qq and 0) when the £ electron moves in or out 
of a site. The corresponding effective ^-bandwidth, W* = UbT* ~ Wrj ~ 
fc 5 (125*0,is thus very small, so the £ states are easily localized by any disorder 
present (eg. in cation site energy). They can hence be regarded, to a first 
approximation (which may be inaccurate for T < T* because of inter-site 
coherence, see Section 8), as non dispersive localized levels. The £ polaron is 
probably close to this limit over a wide range of x and T, where large local JT 
distortion without long range order is seen [11, 12]. 

Since the e g orbital at each site is doubly degenerate initially, there is another 
orthogonal set of states which we label 6, which have their largest amplitudes 
at the fraction x of hole sites where the polaron is not present; their occupancy 
on the polaron site costs a large extra energy U = (U + 2 Ejt). The (bare) 
hopping t amongst these b states is not reduced and they form a broad band 
(of bare width 2 D 0 ~ 2 eV ) whose properties are strongly affected, eg. their 
effective bandwidth 2D is renormalized to smaller values, by the other two 
strong interactions present in the system, namely the repulsive scattering from 
the £ polarons (U) and the coupling to the t 2g spins ( Jh) depending on x and T. 
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Roughly, 2D increases with x as well as with T~ 1 and H, because the inhibition 
of b hopping due to large U is reduced when there are more hole-sites, and that 
due to large Jp is reduced when the t<i g spin order is enhanced. 

We believe that the unique feature of manganites is this necessary coexistence 
of antiadiabatic, JT distorted, localized (£) states and adiabatic, undistorted, 
broad band ( b ) states, arising from a spontaneous reorganization of the doubly 
degenerate e g states due to the large JT coupling and quantum phonon dynam- 
ics. This dynamically generated coexistence is qualitatively different from that 
of localized / and extended d electrons in rare earth solids, which has an 
atomic origin. We show below that for a wide range of x and T, both sets of 
states are partially occupied. This, we believe, underlies the ubiquitous two 
‘phase’ coexistence observed [9]. The high sensitivity of the physical proper- 
ties of manganites to small perturbations arises because the (£) states, being 
localized and lattice distorted, are strongly influenced by local perturbations, 
which then affects the delicate relative stability of £ and b states. 

Finally, (again as discussed in more detail below,) the existence of the loc- 
alized polaronic £ states in the presence of large U and Jh give rise to a new, 
major, doping dependent ferromagnetic nearest neighbour exchange coupling 
Jp between the t^g core spins. This comes about due to virtual, fast (adia- 
batic) hopping processes of the £ electrons to neighbouring empty sites and 
back, leading to a Jp roughly of order x(l — xjt 2 /(2EjpS 2 ), the interme- 
diate state energy due to the unrelaxed lattice distortion being 2 Ejp. We get 
Jp ~ 2 meV for x = 0.3. Our calculations suggest that this virtual, correl- 
ated double exchange due to the localized £ electrons , and not conventional 
double exchange due to mobile e g electrons as hitherto believed, is the domin- 
ant source of ferromagnetism and of the ferromagnetic transition temperature 
T c in the hole doped manganites. 

3. A new model Hamiltonian for manganites in the strong 
electron lattice JT coupling regime 

Based on the above ideas, and for the purposes of making quantitative cal- 
culations and predictions, we have proposed[27, 28] a new model Hamiltonian 
for manganites given by 

Ha = -(£/r + - /'• E dO-D 

i,a i,cr 

t ^ ^ ^icr^jv U ^ ^ ^ticr^bia T" H s 

(ij),a i,a 

Here £f a . creates the JT polaronic state of energy —Ejp and spin o, localized 
at site i (£i a is the corresponding destruction operator). The broad band elec- 
tron, created by the operator 6+ , has mean energy zero, and nearest neighbour 
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effective hopping amplitude i. The two repel each other on site with energy 
U. The common chemical potential fi is determined by the constraint that the 
filling, i.e., the average number of e 9 electrons per site must be determined by 
the doping x according to 

TV -1 = N- 1 ^2(( n eio) + ( n bia )) = (1 - x). (10.2) 

i i c t 

The term H s in Eq. 10. 1 models the spin dependent interactions, and is given 
by 

H s = — Jh ^ Si ■ Si - Jp Yf, Si ' Sj ~ 9 b Y2 ' h (10.3) 

i <ij> 

It includes the strong ferromagnetic Hund’s rule coupling Jh between the e g 
spins Si(= (sa + Sbi)) and the (spin S = §) t 2 g spins Si , the net effective ferro- 
magnetic exchange coupling Jp between these t 2 g spins (from the mechanism 
alluded to above, and discussed in more detail below), and the interaction of 
the latter with an external magnetic field H [29]. For simplicity, in what fol- 
lows we further approximate the t 2 g spins as classical fixed length spins whose 
directions fluctuate, i.e. write Si = SCli where is a unit vector. 

We now discuss how the above model Hamiltonian can be motivated from 
the microscopic Hamiltonian for the manganites in the limit of strong JT in- 
teraction. A reasonably realistic microscopic model Hamiltonian or energy 
operator H of d electrons (e g and t 2 g ) in the manganites has three types of 
contributions, namely those involving only the eg electrons (H e ), the coupling 
of these electrons with the JT lattice modes as well as the energy of these lattice 
modes themselves (H e i), and the part H s which involves the e g and t 2 g spins. 
Thus 



H — H e + H e i + H s (10-4) 

where 

= ]T(ei ~n)h ia + Y^ atJijOja (10.5) 

i . cr <ij> 

“1“ U 'y ^ ( flia flier ' ^icr) 



H d 



Y2(H’j T + Hi) 



= 9 Y^ + at T x a ic rQ 2 i) (10.6) 

i,<j 

+ y + Qii) + yy Y ' ( P21 + pji) 

i i 
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Here the operators a^, di G respectively add and remove an electron at site i, in 
the spin state a which can take two values, and in the two eg orbital states with 
labels a = 1 corresponding to d^ z 2_ r 2 and a = 2 corresponding to d x 2_ y 2\ 

1. e., is a short hand for (af lo . , a/^). The number operator hi a is the usual 

sum Y^a a taa a ia <7 = The e g electron has site energy q, equal to 0 

for a clean system. The (anisotropic and orbital dependent) nearest neighbour 
hopping matrix is tij and U is the repulsion between electrons at i in different 
states. The first set of terms in H e £ describes the coupling of e g electrons with 
the two JT lattice modes Q& and Q^i with strength g, ( r a being the usual Pauli 
matrices in orbital space) the former displacement leading to a splitting and 
the latter to a mixing of the two e g states. The last two terms in H e i are the 
potential and kinetic energies of the modes neglecting anharmonic and intersite 
terms. H s is the same magnetic Hamiltonian as in eqn. 10.3 (except that, in the 
context of the microscopic hamiltonian, the e g spin Si = \ (<r) a iyL r 

where a is the Pauli spin operator). 

In manganites the JT coupling g is large compared to t/Qo (where Qo is the 
typical size of the JT distortion), and one can first concentrate on the single site, 
coupled electron-phonon problem. The Schrodinger equation corresponding 
to Hj T + Hf can be solved exactly at a single site. Qi = (Q 2 i, Qzi) is like a 
local pseudo-magnetic field splitting the pseudo-spin 1/2 orbital levels 1 and 

2, hence H l JT has eigenvalues ±gQi , where Qi = \Qi\ is the magnitude of 
the JT distortion. The diagonalization of ii} T can be done explicitly using the 



operators 

bf = cos(0i/2)a + a + sin(0i/2)a + a 


(10.7) 


and 

if = -sin(0i/2)a) n + cos(6i/2)a + 


(10.8) 


where Qi = tan~ l (Q 2 i/Qzi ), i.e., it determines the orientation of the JT dis- 
tortion. When an electron is present at site i in the^ state, the effective lattice 
potential energy at site i in LT jt + Hf has the form 


V- = (KQ 2 j2-gQi) 


(10.9) 



This has a minimum at Qo = (g/K) (the JT polaronic distortion) with an 
energy lowering of Ejt = (g 2 /2K) ~ .5 eV independent of 6i [30]. The 
JT polaronic t state that we referred to above is this t state together with the 
JT distortion. When an electron is present in the other ‘anti’ JT , h state, the 
effective lattice potential energy is 

V+ = (KQ‘j/2 + gQ i ) (10.10) 

with a minimum at zero displacement so that no distortion is associated with it. 

Thus, when an t polaron is present at a site, low energy lattice configurations 
around the deep minimum of \A~ involve a shift of Qi by an amount Qo at 
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each site. This is formally achieved by a Lang-Firsov transformation [31] fji = 
exp {—(ipiQo/h)} where pi is the radial momentum operator conjugate to Qi. 
In other words, formally, one has £f}~ = fjiif. The Huang-Rhys reduction factor 
[26] r] = exp { — (Ejt/ 2huJo)} we have alluded to earlier, which multiplies the 
hopping involving the £ states, is just the ground state expectation value of 
fji , corresponding to the anti-adiabatic limit overlap of the distorted phonon 
wavefunction at a site with the undistorted phonon wavefunction. (We ignore 
fluctuations on the basis that tp huo [32]). The coherent intersite hopping 
of the £ electrons is thus t* = tp ~ 10 K, very small, and can be neglected 
to a first approximation. The ‘anti’ Jahn Teller state b has no associated lattice 
distortion, so its hopping amplitude fj is not reduced, but depends on the 
angles Qi and Qj at sites i and j. We assume a nearest neighbour hopping 
amplitude tij = t averaged over angles Qi either statistically (and classically) 
or by quantum fluctuations . Such an orbital liquid approximation is reasonable 
for the phases with no long range orbital order, i.e., for 0.2 ~ x ~ 0.5 in most 
manganites, but poor for those other values of x for which one has strong orbital 
correlations or long range orbital order. 

The localized polaronic £ and the broad band b states coexist in manganites 
since the conditions for anti-adiabaticity of the former, namely tp <C Tiuj^ and 
the adiabaticity of the latter, namely? » Tiu o, are both fulfilled. The b electrons 
are repelled strongly by the £ electrons, with energy C/ = U + 2 Ejt, and hence 
will have the largest amplitudes at sites where the £ electrons are not present, 
i.e. at the hole sites. They hop quickly (time scale h/t <C l/u;o) among such 
sites, avoiding strongly the sites with static £ electrons, where they hence have 
small amplitudes[33]. 

Finally we discuss the result alluded to above namely that the existence of 
localized, JT distorted £ states in the presence of large Jh and large U can give 
rise to a new mechanism of ferromagnetic exchange between the 1% g core spins, 
which we refer to as "virtual double exchange". 

Suppose that a localized £ electron is present at a site, and that site is distorted. 
The £ electron can take part in fast (adiabatic) virtual hopping processes to 
neighbouring sites, i.e., leaving the local lattice distortion unrelaxed, by paying 
an energy cost of 2 Ejt in the intermediate state. For large U this can happen 
only if the neighboring state is empty, and for large Jh only if the ^ spins on 
the two sites are parallel. (Otherwise the energy of the intermediate state will 
increase by U and Jh respectively.) Clearly, from second order perturbation 
theory this process will give rise to a new ; £ occupancy dependent, ferromagnetic 
exchange coupling between the ^ core spins of the form 



t 2 

2 Ejt 



-(A* • Qj + l)[ri£i(l 



- rij) + n £j ( 1 - rii)\ 



( 10 . 11 ) 
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(where we have again ignored the dependence on the angles $ etc). The \ (fli • 
Qj + 1 ) factor comes from large Jh, and the occupancy dependent terms from 
large U. Within the homogeneous orbital liquid approximation we are using in 
this paper, this translates to an effective ferromagnetic interaction proportional 
to xnt ~ x(l — x) as stated earlier. 

The normal super-exchange coupling between i^ g core spins on neighboring 
sites is of order t 2 /U , and its sign depends on the nearest neighbour orbital 
correlations [34]. For example, in LaMnQ 3 it is anti-ferromagnetic along 
the c axis, and ferromagnetic in plane. Conventional double exchange can, 
in principle, explain metallic ferromagnetism in the manganites, but would be 
unable to account for ferromagnetism in their insulating phases in the absence 
of orbital correlations. The above mechanism yields a ferromagnetic coupling 
which is clearly much larger than and dominates the super-exchange for all 
intermediate doping, operates even in the insulating states and even in the orbital 
liquid phase, and as we discuss later, makes the dominant contribution to the 
ferromagnetic T c even in the metallic case. 

Putting all this together, expressing the on site coulomb and exchange inter- 
actions in the £ and b basis, and including the new exchange mechanism, leads 
us to the suggestion that in the large ( Ejt/Tiu 0 ) limit, and for describing low 
energy electronic properties the microscopic model Hamiltonian in Eq. 10.4 
can be approximated by the much simpler, two fermion species, Hamiltonian 
Hib given in Eq. 10.1. The relatively small g/iBH • si term and other coulomb 
repulsion terms (between £ and b electrons of different spins) have been neg- 
lected in because of the large Jh ( Jh i) limit of relevance here (whence 

the spin of the £ and b electrons is forced to be parallel to the t^ g spin), and we 
have relabelled the effective repulsion between the two types of electrons as U. 

4. DMFT wth polaronic and band states 

Apart from the constraint equation Eq. 10.2 and the spin dependent H s , H n 
is essentially the well known Falicov-Kimball model (FKM)[35] for non hy- 
bridizing / electrons in a broad band metal with correlations. Indeed at T = 0, 
in the ferromagnetic phase and for large Jh , the spin degrees of freedom are 
completely frozen, whence it reduces to the (spin-less) FKM. More generally, 
it describes the dynamics of the b electrons moving in an annealed disordered 
background of immobile £ electrons and Li g spins in the presence of strong on 
site repulsion U and Hund’s coupling Jh , the annealed disorder distribution 
being thermodynamically and self-consistently determined. This strong correl- 
ation problem cannot be solved in general, but can be solved within the frame- 
work of dynamical mean field theory (DMFT) [36] which is exact at d = 00, 
and is quite accurate for three dimensions. We have carried out these DMFT 
calculations for thermodynamic properties (the occupancies Tty, fib, the mag- 
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netization m = (Si), the specific heat, magnetic susceptibility, etc.), spectral 
behaviour (eg. the b band self-energy, propagator and density of states(DOS)) 
and transport (resistivity and magnetoresistance). While the specific results 
we discuss below come from such calculations, we believe that many of the 
physical mechanisms that underlie the results have a larger sphere of validity. 

The properties of H ^ are determined largely by the dynamics of the b elec- 
trons, eg., their propagator or Green’s function Gij(uj ), as affected by the (an- 
nealed disordered) distribution of rm and Cli due to strong U and Jp. In the 
DMFT framework, the b electron self energy ]TV(c <;) due to these interactions 
is site local, i.e. ^ -(a;) = 6{j ^(u;), an d is determined self consistently. The 
general approach is well known [36]. 

Essentially, the problem reduces to that of one site, with its local degrees 
of freedom and interactions, immersed in an effective medium (comprising the 
other sites). We make the simplest reasonable approximation corresponding 
to a homogeneous annealed system, namely that (r^) = , (n^) = 

Tito- and (&i) = fh = mz are the same at every site i, and that there are no 
correlations between these quantities at different sites [37]. Consistent with this, 
we approximate the ferromagnetic exchange interactions in H s in terms of a 
homogeneous molecular field in the standard way and replace 

H s = ~J H S^2si-h i — (h + Jpfh) • 2 (10.12) 

i i 

Here h = gfipSH , Jp = 2 zJpS 2 where 2 is the co-ordination number. The 
quantity m, proportional to the magnetization, and r^, the average occupancy 
of the polaronic states, are also to be determined self-consistently. 

Thus, in the present context, the effective medium is a homogeneous electron 
bath with which the local b electron hybridizes, the molecular field J pm in 
Eq. 10.12, and the local distributions of rty a and Cl . The on-site b electron 
propagator due to the medium, but without the local interactions, is Q where 
the (Matsubara) frequency variable and the spin label are suppressed. The 
single site problem can be solved exactly, just as in the Falicov-Kimball case 
[36], to determine (1) the (homogeneous) annealed distributions P(r\) and 
P(Cl) as functionals of Q, m and the model parameters and (2) the local b 
electron propagator G as a functional of Q ,ra, the model parameters and these 
annealed distributions. There are two other formal relations among G, Q and 
£, namely (G -1 = Q _1 — £) and G = XM(G*i 1 - E) -1 ]- By iterating 
these equations to self-consistency , one can determine £, G, Q , P[r\) and 
P(Cl) (and hence n&j, riba an d m) explicitly for any chosen values of the model 
parameters [/, q, t and Jp at a fixed T and g (the latter being chosen such 
that Tit + — (1 — #)). Thermal, spectral and transport properties can be 

calculated in a straightforward way [36] from the b electron propagator. For 
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example, the current-current correlation function (the Kubo formula) which 
determines the electrical (and optical) conductivity, can be expressed entirely 
in terms of vertex corrections being negligible. 

The resulting calculations, while straightforward, still involve extensive nu- 
merics. The calculations whose results are described below have been done in 
the large Jp limit, i.e. assuming that the spin of the £ and b electrons are forced 
to be aligned along t 2 g spin whence there is considerable simplification 
[21, 37]. We have done such calculations both for a realistic model t and for 
a model semicircular density of states. The two results are not very different, 
and here we mostly discuss results for the latter case, which has the advantage 
that some exact analytical results can be obtained in the U = oo, T = 0 limit, 
and even the finite U, non-zero T calculations are much simpler. The details 
are described in refs. [28, 27, 38] and other papers we will publish elsewhere. 

5. Metal insulator transitions 

To start with, we show how the ideas above lead to a simple physical un- 
derstanding of insulator metal transitions (IMT) in manganites, based on the 
variation of the occupancies and relative energies of the £ and b states with 
U, x, T etc. 

Fig. 10.2 shows the density of states for ( Ejt/D q ) — 0.5 , D 0 = 1 eV , 
U — oo (and Jp = 60.2 meV) for several values of x at T = 0. At T = 0, 
because of Jp the ground state is ferromagnetic, and the spin degrees of freedom 
are completely frozen. For large U, the renormalized or effective b bandwidth 
D self consistently goes to zero as x —> 0, whence for small x the bottom of 
the b band will be above the £ level (of energy - Ejp ) and all electrons are in 
the latter states, as in Fig. 2a. For, the low energy b band states are constrained 
to reside mostly on the small fraction x of empty, undistorted sites, and have 
a small amplitude at the lattice distorted sites (where £ electrons are present) 
from which they are repelled with energy U . The system is hence an insulator. 
This cannot happen in a pure double exchange model, where ferromagnetism 
and metallicity go together. As x increases, so does jD, and there is a critical 
x c (= 0.25 within DMFT for the parameters used in Fig. 2) at which the b band 
bottom touches the £ level energy as in Fig.2b. For x > x c , the b band bottom 
goes below the £ level, and some of the £ electrons are transferred to the b band 
until all b levels up to the (now renormalized) £ level are occupied as in Fig. 
2c. The system is then a ferromagnetic metal, but most of the electrons (0.6 per 
site out of the 0.7 present) are in the polaronic £ state though there is no long 
range JT order. 

Thus there is an IMT, not at x = 0 as in a naive doped Mott insulator picture 
, but at x c ^ 0. This shift is due to the strong electron lattice coupling g 
which makes the JT polaronic £ level possible and stabilizes it by an energy 
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Figure 10.2. Evolution of DOS of the b band for various doping values of x — 0.1, 0.25, 0.3 
and T = 0 with parameters Ejt = 0.5 eV, D 0 = 1 eV. The effective £ level, labelled as is 
also indicated. 
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Ej T , and large C/, which makes the b electron bandwidth vanish as x — > 0. For 
U — > oc, within DMFT we can show[28] that D = D 0 >Jx whence we obtain x c 
analytically as x c = ( Ejt/D q ) 2 where D 0 is the bare half-width of the b-band. 
The decrease of x c with increasing D 0 and its numerical value for reasonable 
choices of Ejt and D 0 are in accord with experiments (for example, as one 
goes from LaCaM nOs to LaSrM nO 3 which has a larger bandwidth). Finite 
U corrections to x C9 which we have calculated, are small for U ~ 5eV which 
is appropriate to these systems. A more detailed discussion of these and other 
zero temperature results is presented in [28]. 




0) 



Figure 10.3. Evolution of the spectral function pb(ou) for parameter values that correspond to 
Sr doping (see text), for T = 100K, 180K, 208K, 300K and x = 0.175. Thick lines represent 
the effective £ level and up and down arrow indicate up spin and down spin spectral functions. 
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Fig. 10.3 shows the evolution of the spectral functions with temperature, 
for parameter values that correspond to Sr doping, for a fixed doping of 
x = 0.175 > x c for this system, and for the temperature values T =100K, 
180K, 208K, 300K. For x > x c , the system is metallic so that both b and £ 
electronic states occupied. On increasing the temperature, the t 2g spin order 
decreases and the b band narrows again, since due to double exchange [39] the 
effective hopping amplitude of the b electrons decreases. The spectral weight 
for the down spin polarization also turns on, reflecting the reduction in the 
magnetization from its zero temperature value. The sequence of figures 3a 
to 3c illustrates this progression. Eventually, both up and down spin spectral 
functions become equal, and the b band bottom crosses the £ level and moves 
up as T rises beyond T c (= 208 K in the present context, see Fig. 3c) where 
ferromagnetism disappears, and the system becomes a paramagnetic insulator 
as in Fig. 3d, with b states occupied thermally across a gap. We thus have 
a simple picture of the thermal ferromagnetic-metal to paramagnetic-insulator 
transition. 

6. Resistivity, CMR and material systematics 

There are very few calculations [20, 21, 22] of the transport properties of 
manganites though this is one of their main unusual features. Within the DMFT 
for our model, the electrical resistivity p can be calculated in a straightforward 
way [36] from the b electron propagator or Green’s function. Fig. 4 shows some 
of our results, for x = 0.3 and parameters representative of Nd[_ x Sr x MnO^ 
and La\- x Ca x MnOs [40]. Experimental values are also given for comparison 

141 ]. 

We see that the resistivity of the paramagnetic insulating state is fairly well 
described by the theory. In this phase, the conducting b band is only thermally 
occupied. The effective electrical gap ~ 850K (the experimental value is 
~ 1250i^[41]). The positive feedback between the thermally excited, strongly 
T dependent number fty(T) of b electrons, and the double exchange broadening 
of the b band as T decreases, leads to a very rapid decrease and closure of the 
electrical gap just below T c and the consequent rapid decrease in the resistivity 
just below T c as in experiment to a rather large value ~ 2 mClcrn. But we 
note that the calculated resistivity does not decrease much thereafter down 
to T — 0, unlike experiments, where p(T) decreases to residual values of 
~ 50 pVtcrn below about T = 125 K. We believe that the latter is due to 
inter-site £ coherence, neglected here (see later). 

We also show in the Fig. 10.4 the resistivity in a field of 7Tcsla for 
Ndi- x Sr x MnO's. We clearly see CMR. The external magnetic field polarizes 
the t‘ 2 g spins, and via Jh increases the b band width which reduces the elec- 
trical gap. CMR arises because resistivity depends exponentially on the gap. 
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Figure 10.4. Electrical resistivity and CMR in the coexisting JT polaron - broad band model 
for Ejt = 0.5 eV , U = 5 eV and x = 0.3. D 0 and Jf are chosen so as to reproduce the 
experimental[41] T c and p(T c ) of Nd\- x Sr x Mn 03 ( D 0 = 1.05 eV, Jf = 52.7 meV) and 
of Lai- x Ca x MnO's ( D a — 1.15 eV, Jf = 60.2 meV ) . Calculated p(T) at H — 7 Tesla is 
shown for Ndo. 7 Sro. 3 Mn 03 
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The effect is largest near T c as the change in the magnetization due to a given 
magnetic field is the largest there. As our mean field approximation for the 
Curie transition neglects short range magnetic order above p is somewhat 
overestimated and the CMR somewhat underestimated. 

The properties of manganites vary strongly and characteristically with the 
ionic species Re and A. The material systematics of such variation, eg., in the 
thermal IMT as well as the CMR depend in our model largely and sensitively 
on the ratio ( D q /Ejt ) and somewhat on the D 0 and Jp. A small increase in 
D 0 /Ejt reduces the high temperature resistivity p(T > T c ) enormously, as is 
clear in Fig. 10.4 where we have increased D 0 from 1.05 to 1.15 eV and Jp 
from 52.7 to 60.2 meV to fit T c and p(T c ) for LaojCao^MnOs. Broadly this 
is because the density of current carrying b electrons and hence <r(T) = 1 / p{T) 
depends exponentially on ( Ejp — D 0 ). This is also the general reason for the 
observed large variation of p(T > T c ) and T c with strain and pressure. 

Making the reasonable assumption that Ejp , a single octahedron quantity, 
is roughly unchanged across materials, but that Jp, the effective ferromagnetic 
exchange, scales as D 2 , we have calculated properties as a function of D 0 for 
x ~ 0.3. We find that T c is typically fairly close to the (Curie- Weiss) value 
(Jp/ 3) (and hence increases as E% as D 0 increases), with a slight enhance- 
ment due to a nonzero ftb(T c ) and double exchange. With increasing D 0 , the 
resistive transition on lowering T through T c changes from insulator-insulator 
to insulator-metal, and then to metal-metal. These trends are seen experi- 
mentally [6] as a function of increasing cation radius (r^), which is known to 
roughly track the bandwidth D 0 . We also find that the relative CMR, defined as 
[. R(H ) — R]/R(H), depends exponentially on T c (increasing as T c decreases). 
This is indeed the behaviour extracted from measurements on several systems 
[421. The observed unusually large dependence of T c and of the resistivity at T c 
on pressure [43] in La\- x Ca x MnO 3 is reproduced if we assume that D 0 in- 
creases with pressure at a realistic rate of about .01 eV/Kbar . A more detailed 
discussion of these finite temperature results and material trends is presented 
in [27]. 

A key feature of our theory is the result mentioned above that the domin- 
ant contribution to T c comes from virtual double exchange of the localized £ 
polarons and not from conventional double exchange, since the mobile carrier 
density (fib) is very small. Interestingly, the precipitous, universal and nearly 
linear drop in T c with local ion size variance reported by Attfield[7] in a vari- 
ety of multi-component manganites is much larger than what is expected from 
a simple double exchange picture. In the double exchange mechanism, J is 
proportional to fj which depends on the Mn — O — M n bond angle j , which 
is strongly affected by the local ion-sizes, as cos (fa j). The variance in 0^, 
namely < {Sfij) 2 > 1//2 is at most 10 degrees, so that one expects that the 
resulting reduction in T c is A T c /T c ~< ( 5(j)ij ) 2 > /2 ~ 1/60. The observed 
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reduction is an order of magnitude larger! We believe that such a large reduc- 
tion is however understandable within our theory if we extend the calculations 
described above to include the effect of ion size variance on Ejt , and £ — b 
hybridization effects as discussed in section 8 . 

7. Other unusual properties 

We now illustrate through three examples how other unusual properties of 
manganites can be understood in our approach. Specifically, we consider the 
anomalously low carrier density as inferred from optical conductivity in the 
metallic phase [44], the small electronic specific heat [4] and the electron hole 
asymmetry [45]. 

7.1 Low metallic carrier density 

In the metallic regime (0.2 ~ x ~ 0.5), one can estimate n e ff , the effective 
density of carriers, from the the Drude weight i.e. the frequency integral of the 
real part of the optical conductivity cr r (cj). In a free electron like limit, this 
integral is (7rne 2 /2ra*) where n is the density of carriers, and m* is the band 
optical mass. Since there is no evidence for enhancement of m* with respect 
to the band mass (eg. see Ref.[4]), results for Lai- x Sr x MnOs[44] lead to 
n eff = 0.06 for x — 0.3 and T — 0. The expected value (for a doped Mott 
insulator) is (1 — rr) = 0.7. Although there are several uncertainties in inferring 
n e ff precisely from a r (uj), its reduction by nearly an order of magnitude, and 
even more so its observed strong decrease with temperature on the scale of 
which is much less than the (normal) Fermi temperature, are puzzling. But 
the results are easily understood in our model, since the low frequency a(c o) 
is due to b electrons. As seen from Fig. (2c) at T = 0 there are indeed 
very few electrons in the b band, all near its bottom, below the £ (or Fermi) 
level. The DMFT calculation with parameters appropriate for La\- X Sr x MnOs 
at x = 0.3, namely Ej T = 0.45 eV ,D 0 = 1.28 eV ,Jp = 1150 K (and 
consequently T c = 390 K), leads to n&(T = 0) = 0.12, and a decrease with 
temperature which is very similar to what is seen in experiment. 

7.2 Normal linear electronic specific heat 

The low T electronic specific heat in manganites (see Ref. [4] for a review) 
goes as 7 T with a 7 nearly independent of x, unlike other doped Mott insulat- 
ors(eg Ref. [4]) and has a value expected for a tight binding band with bandwidth 
2 D 0 ~ 2.0eV. In polaron theories with n ? polarons per site C v — n^B in 
the classical gas limit, and ~ ^^(/c^T/D*), where D* is the effective band- 
width, for T C (D* /hs)- Neither of these is observed and this is often argued 
to be evidence against small polarons in manganites. In our model, although 
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the electrons are mostly JT polarons, we expect that they will make very little 
contribution to the low temperature specific heat. For, being localized they will 
strongly couple to disorder potentials and affected by coulomb interactions, 
and we expect that their entropy will be frozen out at a large temperature scale. 
We find that 7 (calculated in the paramagnetic metallic phase to avoid large 
magnetic contributions to the specific heat) is about 0.9 (mJ/ K 2 mole) with 
the parameters used above for Lao.7SVo.3M nO 3. The value for a band of width 
2 eV is about 2.0 (mJ / K 2 mole). The physical reason for the smaller 7 is that 
the few b electrons which are present occupy states near the bottom of the b 
band with energy close to —Ejt, and the density of states there is relatively 
smaller(Fig. 2c). 

7.3 Electron hole asymmetry 

The electronic and magnetic properties of hole doped {x < 0.5) and "electron 
doped" ((x > 0.5) manganites are very different. For example, the latter are 
much more metallic than the former in the paramagnetic phase [45] (although 
the AF or charge ordered phases can be insulating for other reasons). This 
behaviour is unexpected in a one orbital strong coupling antiadiabatic polaron 
model since for low e g carrier density the dilute small polaron assembly will 
form an insulator, as also in a model with only Jh , where there is electron hole 
symmetry. It is often stated that polaronic effects are not seen for eg orbitals in 
the e doped regime because the JT coupling becomes weaker as x — ► 1. This 
seems unlikely given the local nature of the JT interaction and the stability of 
the (M uOq) octahedron. 

The metallic nature of the e doped regime which has low eg density is natural 
in our theory because for large x the effectively uncorrelated b electrons form a 
wide band whose bottom is occupied by the small number of eg electrons, and 
the £ states are unoccupied, as depicted in Fig. 2d. This fact also explains why 
pure band models are fairly successful [46] in describing the magnetic ground 
states in the the e doped limit. 

8. Discussion 

In summary, we have presented here a new model of coexisting localized JT 
polarons and broad band electrons for manganites, argued that it arises inevit- 
ably in the presence of orbital degeneracy and strong JT coupling, and shown 
that it explains a wide variety of characteristic properties of manganites. In 
this concluding section we compare our theory with some of the other theor- 
ies, discuss some of the inadequacies of the present model and extensions to 
overcome these. We believe that a more general treatment of the model Eq. 
10.1 with some extensions can lead to a complete description of manganites. 
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Two examples, namely inclusion of spatial correlations and of intersite £ state 
coherence are discussed below. 

To begin with, we note that the picture developed here is very different from 
that in other polaronic models, which either neglect % orbital degeneracy [22, 
23] or work in the adiabatic approximation [21, 47]. In the former, for example, 
at high temperatures transport is due to the activated hopping of localized small 
polarons. In the latter (adiabatic) models, the polarons also form a broad band, 
whence it is difficult to obtain a paramagnetic insulator to ferromagnetic metal 
transition say at x ~ 0.3. Furthermore, small polarons disappear below 2^ 
even for large g , the Drude weight is not small, and there is no isotope effect, 
all in disagreement with experiment. In both, it is argued that small polarons 
are likely only at high temperatures, and that small and large polarons coexist 
only in a narrow range of x and T determined by the effective electron phonon 
coupling and that there are no small polarons at low T. 

In our theory, the carriers are broad band electrons thermally promoted out 
of localized JT polaronic states. Small JT polarons (in the anti-adiabatic limit, 
with negligible bandwidth) and band states(in the adiabatic limit) necessarily 
coexist over a wide range of x (0.2 < x <0.7 say) and for all T. In contrast, in 
single orbital polaron models, there is a crossover with increasing dimensionless 
electron phonon coupling A e ff(x,T) = {g 2 /K W e ff(x,T)} from large to 
small polarons, so that the two can occur together only over a narrow range of 
x and T. 

An unusual feature of the polaron level in our model is that it has no prom- 
inent thermodynamic or spectroscopic (sharp level ) manifestations. Firstly as 
pointed out above, it does not lead to a large electronic specific heat as we expect 
that their entropy will be frozen out at energy scales determined by coulomb 
and impurity interactions not explicitly included in our model. The remaining 
linear specific heat for the b band metal, is roughly of the size seen experiment- 
ally [4]. Secondly, no sharp £ like spectral feature is to be expected. Rather, the 
£ excitation spectrum will be an incoherent continuum, starting from a weak 
(weight oc 7] ~ 1/200) anti-adiabatic low energy part building up to adiabatic 
(Franck-Condon) higher energy features, as the fast removal of an £ electron 
leads to highly excited lattice states (energy ~ 2 Ejt). Indeed, optical conduct- 
ivity data in manganites do show [44] such an incoherent continuum which is 
largely independent of temperature, and we believe that this is their origin. 

In our theory presented earlier we made the simple approximation that the 
local JT distortion Q 0 is independent of x and T, and that its large value 
is determined entirely by on-site properties, namely the electron JT phonon 
coupling g and the phonon mode force constant K. This is probably valid for 

high temperatures not too far below T c and for x < 0.5. However, JT polaronic 
effects can become dynamical and unobservable at low T for two reasons . 
Firstly, the local lattice kinetic energy has a term (1/2 )MC^Q 2 where Q 0 is 
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the magnitude, and d\ the direction or orientation, of the local JT distortion. 
Hence #*, which also determines the orbital mixing amplitudes of the £ and b 
states, rotates due to quantum fluctuations, although due to anharmonicity and 
crystallinity, the rotation could be hindered and slow. A second, perhaps more 
important, source of this dynamical J — T effect is the quantum mechanical 
intersite £ state coherence which makes the $ ill defined. The energy scale for 
the latter, D * ~ 125 K, is consistent with the widely observed [4, 9, 11, 13] 
reduction or disappearance of static or of long time scale local JT distortion in 
metallic manganites as their temperature decreases well below 125K. Finally, 
intersite £ coherence, especially hybridization with energetically degenerate 
broad band b states in the metallic regime, will reduce Q 0 and broaden the £ 
band. The two effects feed back on each other, and it is in principle possible that 
small polarons may weaken and disappear altogether at low temperatures in the 
metallic phase rather than merely becoming dynamic. We have not explored 
this possibility here. 

Intersite £ state coherence can be included in our model by adding to Eq.(l) 
an £ — b hybridization term ^ a \t\ (£ + i a bj a + b + j a t ia ) + t 2 ef a . tja] where 
/ 1 ~ trj ~ D*, and !■> ~ irf . We expect that its inclusion, and the consequent 
development of long range inter site £ state coherence at low temperatures will, 
in addition, lead to the observed smooth decrease [19] in the electrical resistivity 
of clean metallic manganites from about 1 mVtcm just below T c to a small value, 
~ 50 — 100 /j,Qcm, as T — » 0 past a characteristic crossover temperature of 
about 100K, of the same scale as IT. In the DMFT calculations presented 
above, the residual resistivity at T = 0 due to random scattering from the 
incoherent £ sites is too large, ~ 1 mQcm (Fig.3). If the £ states become 
coherent, the b electron scattering and the consequent resistivity would then 
vanish at T = 0, and is nonzero only if static disorder is present. This can lead 
to a metallic state with a small residual resistivity or to an Anderson localized 
insulating state depending on the amount of disorder. 

We believe that the giant isotope effect observed in manganites [ 1 9] is another 
dramatic consequence of the £ — b hybridization scale t\ and its exponential 
dependence on the inverse square root of the isotopic mass. For it can add, via 
(conventional) double exchange, to the ferromagnetic an amount roughly 
given by A T c ~ an£(D* /ks) — (87 a) K for fi£ = 0.7 where a is less than 
one. Because of the Huang Rhys factor in IT, which depends exponentially on 
square root of the isotopic mass, we find that AI^(0 16 ) ~ (1.33) A T c (0 18 ) 
so that for a ~ (1/2) the difference T c (O m ) — T c (0 18 ) ~ 15 K, close to the 
observed value [19]. 

In addition to the neglect of intersite coherence effects discussed above, we 
have also neglected in our theory spatial correlations between the local elec- 
tron densities na and n&, as well as between the local angles 6^. This may 
be adequate for the phases which correspond to homogenous orbital liquids. 
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However, many phenomena in manganites such as short range order, long range 
charge/orbital order (or orbital solidification ) , various types of antiferromag- 
netism [3, 4] and mesoscale structures [6] depend on spatial correlations. To 
treat these we need to add to eq. (1) a number of more complicated longer 
range coulomb, anharmonic, steric, elastic, magneto-elastic, etc. interactions 
that couple spin, orbital and lattice degrees of freedom to each other, and to 
strain, ion size mismatch, disorder, etc. as appropriate. A self consistent de- 
termination of long or short range order in <% = (n# — n^) (a new ‘internal’ 
variable) [48] , Oi and Si, and their effects on the b electron dynamics for dif- 
ferent x and T, in the presence of such interactions can lead to a complete 
description of manganites including the above phenomena, and others such as 
first order transitions, two phase co-existence, etc.. We hope to discuss these 
elsewhere. 

A significant general question raised by our work is that of the detailed 
nature of adiabatic to non adiabatic crossover as g increases, and the conditions 
for the coexistence of adiabatic and antiadiabatic states with exponentially 
separated dynamical timescales. We have shown that the latter leads to new 
phenomena, argued that this happens in manganites because of the large g , and 
have developed the consequences in a simple model assuming this separation. 
The results closely correspond with a wide variety of observations. It would 
be of great interest to explore such a crossover and time-scale or energy-scale 
separation experimentally and theoretically in the many systems such as organic 
solids, transition metal oxides and chemical (molecular) systems, which have 
degenerate orbitals and strong symmetry breaking JT couplings. 

We would like to acknowledge support from several agencies. HRK has been 
supported in part by grant no. 2404-1 of the Indo French Centre for Promoting 
Advanced Research, TVRin part by aUS-India project ONRN 00014-97-0988, 
and SRH and GVP in part by the Council of Scientific and Industrial Research, 
India. 

References 

[1] See for example, P. W. Anderson, The Theory of Superconductivity in the 
High-T c Cuprates (Princeton Univ. Press, Princeton, 1997). 

[2] S. Jin, et al. Science 264, 413 (1994). 

[3] Y. Tokura, ed. Colossal Magnetoresistance Oxides( Gordon and Breach, 
New York, 2000). 

[4] M. B. Salamon, and M. Jaime, Rev. Mod. Phys. 73, 583 (2001). 

[5] N. D. Mathur and P. B. Littlewood, Solid State Communications 119, 271 

( 2001 ). 




REFERENCES 



439 



[6] These could arise from the mismatch of Re and A ion size with respect 
to the value for the ideal close packed ABO$ structure, see for example: 
H. Y. Hwang, et. al. Phys. Rev. Lett. 75, 914 (1995). 

[7] J. P. Attfield, Chemistry of Materials 10, 3239 (1998). 

[8] N. A. Babushkina, et al, Nature 391, 159 (1998). 

[9] E. Dagotto, T. Hotta, and A. Moreo, Physics Reports. 344, 1 (2001). See 
also, E. Dagotto, Nanoscale Phase Separation and Colossal Magnetores- 
istance (Springer, Berlin, 2002). 

[10] M. Uehara, S. Mori, C. M. Chen, and S. W. Cheong, Nature 399, 560 
(1999). 

[11] D. Louca, et a \.,Phys. Rev. B. 56, R8475 (1997); T. Egami in Structure 
and Bonding (ed. J. B. Goodenough) vol. 98, pi 15 (2001). 

[12] C Meneghini, et al, J Phys. Cond. Mat. 14, 1967 (2002). 

[13] R. H. Heffner, et. al. Phys. Rev. Lett. 85, 3285 (2000). 

[14] M. Fath, et al. Science 285, 1540 (1999). 

[15] S. Satpathy, Z. S. Popovic and F. R. Vukajlovic, Phys. Rev. Lett. 76, 960 
(1996). 

[16] D. D. Sarma, et. al. Phys. Rev. Lett. 75, 1126 (1995). 

[17] A. J. Millis, Phil. Trans. R. Soc. Lond. A 356, 1473 (1998). 

[ 1 8] Large JT splitting is the traditional basis of our understanding of LaM nQ 
structure, see eg J. Kanamori,/. Appl. Phys. 31, 14S (1960). 

[19] G. M. Zhao, et. al. Phys. Rev. B 63, 060402 (2001). 

[20] N. Furukawa, Journal of the Physical society of Japan 64, 2734 (1995). 

[21] A. J. Millis, R. Mueller, and B. I. Shraiman, Phys. Rev. B 54, 5405 (1996). 

[22] A. C. M. Green and D. M. Edwards, Jl. Magn. Magn. Mater. 226, 886 

( 2001 ). 

[23] H. Roder, Jun Zang , and A. R. Bishop, Phys. Rev. Lett. 76, 1356 (1996). 

[24] M. Uehara, K. H. Kim and S. W. Cheong, private communication. 

[25] N. M. Iliev and V. M. Abrashev, J. Raman Spectrosc. 32, 805 (2001). 

[26] K. Huang and F. Rhys, Proc. Roy. Soc. London Ser. A 204, 406 (1950). 

[27] T. V. Ramakrishnan, H. R. Krishnamurthy, S. R. Hassan and G. V. Pai 
Cond-Matt/0308376, submitted for publication. 

[28] G. Venketeswera Pai, S. R. Hassan, H. R. Krishnamurthy and T. V. Ra- 
makrishnan submitted for publication. 

[29] The relatively small gpsH • Si term in H s and other coulomb repulsion 
terms in have been neglected because of the large Jr (Jh t) limit, 
of relevance here. 




440 



COLOSSAL MAGNETORESISTIVE MANGANITES 



[30] For a discussion of such vibronic states with JT coupling, see M. D. Sturge, 
in Solid State Physics (Eds. F. Sietz, D. Turnbull and H. Ehrenreich, Aca- 
demic Press, New York.) 20, 91 (1967). 

[31] G. I. Lang and A. Yu. Firsov, Soviet Physics JETP 43, 1843 (1962). 

[32] eg., see T. V. Ramakrishnan and G. V. Pai, Jl. Low Temp.Phys. 126, 1055 
(2002) for a discussion of such issues in a simpler one orbital spinless 
polaron model. 

[33] In the limit that this amplitude is zero, we have two classical regions, 
one with small polarons and another with broad band states; this is the 
percolative regime discussed in the literature (eg. [9, 10]). 

[34] T. Mizokawa, D. I. Khomskii and G. A. Sawatzky, Phys. Rev. 563, 024403 
(2001); See also A. J. Millis, Phys. Rev. B. 55, 6405 (1997). 

[35] L. M. Falicov and J. C. Kimball, Phys. Rev. Lett. 22, 997 (1969). 

[36] A. Georges, G. Kotliar, W. Krauth and M. J. Rozenberg, Rev. Mod. Phys. 
68, 13 (1996). 

[37] We note that the approach of Millis, Muller and Shraiman [21] which we 
have commented on earlier is similar, except that they set U — 0 and treat 
the JT distortions purely classically. 

[38] S. R. Hassan , Dynamical mean-field theory of Falicov-Kimball and Re- 
lated Models and their application to CMR Phenomana in Manganites , 
Ph. D. Thesis (Indian Institute of Science, Bangalore) 2003 (unpublished). 

[39] P. W. Anderson and H. Hasegawa, Phy. Rev. 100, 675 (1955). 

[40] We choose Ejt = 0.5 eV and U = 5.0 eV, for both the systems. D a 
is 1.05 eV and 1.15 eV, and Jp is b2.7 meV and 60.2 meV respect- 
ively. These choices are made such that the observed T c as well as p{T c ) 
are reproduced. The electrical activation energies above 7 2, A t i u:ory = 
850 K, 550 K , are in reasonable agreement with A expt = 1250 K, 770 K 
respectively. Further the steep drop in p below T c is well reproduced. 

[41] P. Dai, et. al. Phys. Rev. B 61, 9553 (2000). 

[42] K. Khazeni et. al. Phys. Rev. Lett. 76, 295 (1996). 

[43] J. J. Neumeier, M. F. Hundley, J. D. Thompson and R. H. Heffner Phys. 
Rev. B 52, R7006 (1995). 

[44] Y. Okimoto, et.al. Phys. Rev. B 55, 4206 (1997). 

[45] A. Maignan, C. Martin, F. Damay and B. Raveau, Phys. Rev. B 58, 2758 
(1998). 

[46] G. V. Pai, Phys. Rev. B 63, 064431 (2001) 

[47] M. S. Laad, L. Craco and E. Muller-Hartmann, Phys. Rev. B 63, 214419 

( 2001 ). 




REFERENCES 



441 



[48] Variations in the local charge density q = (fin + fin) are likely to be 
small and of short range because of the large Coulomb energy cost. (A 
coulomb energy term needs to be added to Eq. 10.1 to describe this). 




Subject index 



Antiferromagnetic, 1, 5, 9, 10, 14, 25, 28, 30, 32, 
33, 38, 43, 44, 49, 63, 96, 133, 143, 182, 
226, 230, 231, 241, 243, 267, 294, 354 
A-type, 9 

A-type structure, 70 
background, 98 
Bragg peak, 54, 66, 72 
C-type, 10 
CE-type, 9 

charge-ordered state, 225, 289 
component, 50, 325 
correlations, 56 

coupling, 5, 63, 74, 89, 142, 143, 266 

ground state, 33 

G-type, 277,294 

insulating, 1, 97, 159, 289 

insulator, 32, 141, 264, 322, 341, 384 

layered structure, 70 

long range order, 72 

order, 59, 62, 88, 267 

ordering, 25, 50, 143 

oxide, 134 

phase, 134,220,241,325 
property, 220 
region, 30,211 
spin, 50 

spin correlations, 62 
spin ordering, 288 
stacking, 61 

state, 33,38,44,45,74,209 
structure, 89 
superexchange, 371 
superexchange constant, 370 
superexchange interaction, 142. 309 
transition, 49 
zone-boundary, 63 

Antiferromagnetically, 181, 229. 280. 291, 293, 
294. 325 



Berry phase, 98, 222, 234, 306 
Band width, 147, 329, 373, 385, 397, 406, 420, 
431,434 

Band-width, 373, 385, 397, 434 
Breathing mode, 216, 217, 218, 225, 389 



Canted 

antiferromagnetic coupling, 143 
antiferromagnetic state, 14, 38, 43, 44 
C phase, 325 
FM state, 1 1 
phase, 325 

state, 29, 44, 49, 62, 63, 66, 74, 75, 76, 

88, 89, 209, 243, 294 
structure, 25 
Canting angle 50, 59, 89 

Carrier, 3, 8, 134, 142, 143, 199, 200, 234, 276, 
285,289,314, 435,436 
concentration, 135, 138, 140, 144, 156, 

158, 180, 181, 189, 199,312 
defects, 171 

density, 312,357,433,434 
doping, 148,312 
hopping, 120 
localization, 146 
mobility, 200 
number, 115,368 

Charge ordering, 7, 11, 12, 14, 22. 27, 97, 143, 
144, 148, 167, 169. 170, 173. 174, 175, 
181, 182. 188, 197, 198, 200, 223, 229, 
232, 233, 237, 239, 246, 266, 270, 272, 
274, 283. 290, 292, 295, 316, 385, 386. 
387, 388. 389, 390, 394 
Charge/orbital 



443 




444 



Index 



arrangements, 237 
cluster glass, 19,22 
correlations, 3, 188 

correlated nanostructures, 134, 135, 195, 

199 

degrees of freedom, 1 32 
fluctuations, 188 

order, 189, 190, 195, 397, 418, 438 

ordered regions, 132 

ordered manganites, 1 99 

ordered structures, 1 95 

ordering, 94, 123, 134, 175, 180, 187, 198, 

199 

peaks, 189 
-spin order, 257 

Colossal magnetoresistance, 1, 2, 44, 93, 96, 
124, 131, 132, 133, 156, 198, 200, 207, 
263, 264,303,321,341,417,418 
CMR, 1, 2, 3, 4, 12, 13, 14, 15, 16, 22, 36, 38, 
93, 94, 95, 96, 97, 98, 99, 104, 105, 115, 
116, 124, 131, 132, 133, 134, 135, 143, 

147, 148, 159, 160, 189, 192, 199, 207, 

211, 221, 240, 251, 255, 256, 257, 265, 

303, 312, 313, 314, 321, 322, 323, 328, 

342, 365, 366, 384, 418, 421, 431, 433 
Coulomb 

coupling, 233 
energy, 17,368 
force, 283,285 

interaction, 19, 36,38, 117, 195,209,211, 
212, 213, 214, 215, 220, 221, 222, 223, 

226, 227, 230, 233, 240, 243, 248, 256, 

292, 352, 293, 402, 404, 406, 407, 409, 

426, 435, 436, 438 
matrix element, 2 1 3 
mechanism, 403, 404 
model, 222,223,228 
potential, 213 

repulsion, 97, 106, 212, 215, 225, 228, 230, 
235, 236, 277, 369, 373, 417, 426 
term, 210,213,226,227 
Crystal field, 212, 224, 240, 266, 274, 275, 276, 
326, 368, 384 
effect, 212,240 

Crystal-field, 224, 274, 275, 276, 368 
splitting, 224, 274, 275, 368 



Debye-Waller factor, 15,332,375 
Double-exchange, 2, 3, 11, 12, 14, 28, 29, 36, 38, 
44,61,68,71,88,93,94 98, 99, 110, 

123, 133, 142, 147, 180, 188, 208, 209, 

210, 211, 221, 222, 234, 267, 283, 284, 

285, 287, 291, 292, 293, 294, 295, 301, 

304, 321, 322, 329, 334, 341, 344, 345, 

346, 348, 355, 361, 366, 377, 384, 385, 



395, 420, 422, 425, 426, 428, 431. 433, 
437 

Drude 

formula, 1 1 5 
like peak, 172 
peak, 117,285,286 
Dynamical mean field 
approximation, 241 
method, 38 
theory, 417,426 



Electron-electron interaction, 144, 166, 222, 223, 
292, 367, 369 

Electronic specific heat, 434, 436 
Electronic structure, 18, 93, 94, 97, 100, 103, 
105, 107, 110, 112, 114, 120, 124, 273, 
312,316, 408,411 
Electron-lattice 

coupling, 146, 147, 239 
interaction, 144,166,269,275 
Electron-phonon 

coupling, 2, 15, 38, 44, 99, 174, 199, 210, 
211, 215, 217, 221, 223, 225, 227,230, 
237, 239, 246, 274, 275, 289, 371, 373 
interaction, 94 
problem, 424 
term, 218 

F 

Falicov-Kimball model, 426 
Ferromagnet, 288 

Ferromagnetic, 2, 24, 25, 52, 58, 74, 133, 143, 
226, 230, 272, 278, 294, 305, 326, 348, 
354, 366,418,426, 428 
background, 98 
bilayer manganite, 379 
bilayer system, 321 
bonds, 291 

Bragg peak, 53,54,59,61,62,74 
chains, 292 

charge disordered state, 230 
cluster, 29,61,70,71,88,284 
component, 30, 34, 50, 325 
configuration, 279 

correlations, 59,61,70, 146,211,375, 

377 

coupling, 5, 43, 63, 66, 68, 71, 88, 89, 

133, 142, 143, 147, 349,426 
covalent bond, 2 1 0 
Curie temperature, 133, 326 
DE interaction, 367 
diffuse scattering, 56 
domains, 44, 58 
exchange, 425,433 




Index 



445 



exchange coupling, 425 

exchange energies, 366 

exchange interaction, 376, 390, 427 

ground state, 2 1 0, 24 1 , 342 

Heisenberg interaction, 224 

Heisenberg model, 346 

Hund’s rule coupling, 420, 423 

Hund’s rule exchange, 226 

Inhomogenieties, 45, 59 

interaction, 27, 28, 30, 38, 266, 287, 426 

intra- and interlayer DE energy, 370 

insulating phase, 72 

insulator, 272, 279, 284, 285, 322, 384, 

418 

insulating phase, 267, 279, 309 

insulating region, 271. 321 

intensity, 30 

layer, 49,61,75,325 

magnetic medium, 81 

manganites, 147, 267. 32 1 , 324, 335, 338, 

342, 346 

medium, 82 

metallicity, 148 

metals, 144, 148. 190, 285, 310, 341, 342, 
384,418,428,431,436 
metallic behavior, 96 
metallic domains, 198, 420 
metallic ground state, 341 
metallic manganites, 287, 342 
metallic phase, 265, 267, 286, 287, 313, 

314 

metallic regions, 134, 144, 267 
metallic state, 22, 97, 110, 133, 134, 285, 
293,341 

metallic transition, 143,189 
moments, 28, 144 

nearest neighbor exchange coupling, 422 
order, 49, 74, 349 
ordering, 10, 74, 294 
ordering temperature, 296 
orientation, 291 

phase, 43, 89, 94, 120, 169, 208, 220, 230, 
241, 294, 303, 313, 325, 326, 426 
phase transition, 326,341 
plane, 63, 293 
platelets, 45, 62, 66, 75 
polaron cluster, 1 8 1 
regions, 30,316 
samples, 144, 146 
sheets, 49 

short range order, 54. 59 
spin, 49 

spin component. 50 

spin correlations. 62 

spin exchange interaction, 308 

spin Auctions, 8. 79 

spin waves. 77.78.343.344,361 



state, 12,38,43,44,45,62,72,74,76, 88, 
89, 99, 169, 208, 209, 228, 229, 237, 283, 
284, 287, 289, 293, 294, 295, 377 
straight chains, 291 
system, 45, 286 
T c , 426, 437 
temperatures, 144 
transition, 1,2,44,50,76 
transition temperature, 322, 326, 422 
units, 29 

zig-zag chain, 289 
zone boundary, 75 
Ferromagnetically stacked, 325 
Ferromagnetism, 226 
Field-induced transition, 192,193 
First order transition, 26, 85, 207231, 247, 248, 
249, 251,255,438 

G 

Grain boundary scattering, 1 4 1 
G-type, 10 

H 

Half-metallic, 158,314 
Hall effect, 306 
Heisenberg 

behavior, 287, 388 
coupling, 220 
exchange coupling, 357 
ferromagnet, 312 
formula, 400 
Hamiltonian, 63, 379 
interaction, 224 
-like, 269 

model, 75, 308, 322, 329, 333, 334, 337, 

342, 344, 346, 348, 363 
term, 220 
type, 287, 326 
value, 326 

Hopping, 2, 3, 15, 89, 94, 98, 142, 146, 147, 208, 

211, 222, 224, 225, 226, 228, 239, 249, 

291, 305, 306, 307, 309, 315, 316, 341, 

348, 349, 367, 395, 410, 421, 422, 425, 

436 

amplitude, 213, 219. 220, 222, 225, 256, 

423,425,431 

direction, 234, 235 

electrons. 158 

energy, 225 

factor, 306 

integral. 277, 291. 344, 348, 361, 364, 
365,371.373 

matrix, 228. 282. 306. 424 
motion, 182,219 
parameter, 228 
probability. 58. 110. 120 
process. 284, 425 




446 



Index 



rate, 306 
Hund’s 

coupling, 209,210,211,214,215,220, 222, 
223, 224, 225, 228, 240,241, 243, 305, 

306, 329, 344, 384, 404, 426 
term, 222,223 
Hund’s rule, 209,214 

coupling, 97, 98, 105, 107, 305, 341, 344, 
347, 348, 355, 420, 423 
energy, 147 
exchange, 226,291 

I 

Isoyope effect, 420, 436, 437 

J 



Jahn-Teller, 1, 2, 12, 18, 19, 36, 38, 47, 84, 88, 
93,97,99, 117, 120, 133, 134, 135, 136, 
138, 142, 143, 144, 146, 147, 166, 173, 

189, 191, 196, 199, 210, 215, 216, 217, 

218, 222, 223, 225, 226, 227, 228, 230, 

233, 234, 235, 237, 238, 239, 256, 263, 

264, 265, 268, 269, 270, 272, 274, 275, 

285, 289, 292, 314, 324, 341, 367, 384, 

389, 390, 403,404,418,420 
coupling, 36, 38, 226, 227 
distortion, 1, 18, 93, 99, 120, 133, 136, 138, 
142, 143, 144, 146, 164, 166, 191, 196, 

215, 216, 217, 228, 233, 234, 239, 292, 

324, 341,367,389, 404 

effect, 12, 47, 84, 88, 97, 147, 189, 199, 

215, 237, 264, 269, 341, 384, 390 

interaction, 12,268 

polaron, 19,117,134,135,210 

K 

Kondo lattice model, 365 

L 

LaMn0 3 , 2,49 

Lai. x Ca x Mn0 3 , 46-53, 135-146 

Lai- x Sr x Mn0 3 , 54-90, 105-106, 

La2-2xSri =2x Mn 2 07, 4, 16-22, 35-36, 54-90, 95- 
96, 109-122, 321-328, 361-379 

Lattice polaron, 3, 189, 210, 285, 286 

Layered manganites, 4, 8, 10, 12, 15, 19, 26, 27, 
32, 33,35,38, 96, 189, 195,238 

Local structure, 190,197 

LSDA, 103,233 

M 

Magnetic 



anisotropy, 280 
polaron, 58, 181 

Metal-insulator transition, 43,88, 124, 131, 133, 
149, 166, 199, 303, 309, 342, 420 



Nd,. x Ca x Mn0 3 , 7 
Nd,. x Sr x Mn0 3 , 190-194 
Neutron 

diffraction, 5, 8, 18, 27, 29, 30, 33, 140, 146, 
188,326, 371,394, 397 
scattering, 19, 30, 35, 43, 44, 46, 56, 74, 
77,81, 120, 123, 124, 135, 147, 169, 

181, 182, 184, 209, 234, 272, 321, 322, 

328, 342, 343, 344, 346, 373, 374, 375, 

386, 399 



Octahedral distortion, 5, 324 
Optical 

conductivity, 117, 135, 169, 173, 175, 

181, 182, 188, 286,313,424,434 

Orbital 

degeneracy, 14, 263, 264, 266, 267, 268, 

277, 278, 280, 281, 282, 286, 293, 343, 

345, 366, 378, 384, 340, 418, 435, 436 
degrees of freedom, 5, 16, 18, 44, 133, 

174, 221, 228, 246, 263, 264, 265, 267, 

270, 272, 273, 274, 277, 282, 286, 293, 
295,296,314,315,366, 407 
liquid, 263, 273,285,286,385,418,425, 
426, 437 

ordering, 2, 3, 11, 12, 14, 28, 29, 36, 38, 
44, 61, 68, 71, 88, 93, 94, 98, 99, 110, 
123, 133, 142, 147, 180, 188, 208, 209, 

210, 211, 221, 222, 234, 267, 283, 284, 

285, 287, 291, 292, 293, 294, 295, 301, 

304, 321, 322, 329, 334, 341, 344, 345, 

346, 348, 355, 361, 366, 377, 384, 395, 

420,422,425,426,428,431,433, 437 



Perovskite, 1-5, 7, 8, 10, 12, 13, 15, 16, 17, 19, 
24, 29, 33, 35, 79, 88, 135, 136, 141, 147, 
189, 190, 193, 199, 200, 267, 281, 303, 

304, 312, 314, 322, 323, 324, 325, 344, 

383,384,385, 386,387,395,401,402 
structure, 4, 7, 96, 135, 312, 314, 322, 384 
-like, 322 

Phase diagram, 2, 3, 1 1, 12, 13, 28, 0, 36, 38, 46, 
47, 50, 53, 72, 84, 95, 96, 97, 132, 135, 

136, 140, 144, 148, 158, 191, 199, 207, 

210, 226, 228, 233, 240, 241, 243, 245, 

246, 256, 264, 265, 266, 267, 276, 286, 




Index 



447 



289, 293, 294, 295, 325, 326, 357, 407, 
418,419 

Phase separation, 2, 27, 30, 33, 44, 62, 88, 93, 
94, 99, 117, 120, 132, 133, 135,144, 147, 
148, 159, 160, 166, 171, 173, 174, 175, 

176, 188, 195, 198, 200, 207, 209, 211, 

222, 223, 231, 241, 244, 245, 246, 247, 

248, 251, 254, 255, 257, 296, 324, 395, 

420 

Polaron, 1, 3, 14, 15, 16, 19, 21, 22, 28, 29, 30, 
33, 44, 58, 59, 94, 99, 117, 133, 135, 146, 
174, 176, 181, 183, 184, 188, 189, 191, 

197, 210, 211, 271, 272, 282, 283, 284, 

285, 286, 341373, 377, 397, 420, 421, 
422, 424, 425, 433, 434, 435, 436, 437 

Pri_ x Ca x Mn 03 , 7, 13 

Pri. x Sr x Mn0 3 , 13 

Pseudogap, 18, 93, 94, 104, 105, 107, 110, 115, 
116, 117, 120, 124, 181, 184, 185, 186, 
188,246, 247, 248,254, 256 



Resistivity, 1, 2, 14, 15, 16, 21, 27, 28, 44, 50, 
52, 53, 76, 85, 94, 96, 99, 115, 136, 140, 

142, 143, 148, 160, 163, 167, 172, 186, 

189, 191, 193, 199, 211, 251, 253, 254, 

255, 272, 289, 303, 313, 314, 328, 342, 

384, 397, 418, 427, 431, 432, 433, 437 
Resonant X-ray scattering, 7, 296, 383, 386, 387, 
392,401,407,408,410 

RXS, 383, 386, 387, 391, 392, 394, 395, 398, 
399, 400, 401, 402, 403-408, 41 1 
Ruddlesden-Popper phase, 4, 321-324 



Spin-flip, 31,310,311 
Spin-orbit 

coupling, 315 
excitation, 279 
frustration, 281 
model, 276,292 
order, 279 
Spin-polarized, 306 
carriers, 285 
electronic structure, 105 
photoemission, 105 
transport, 167 
t 2 g -electron, 215 
Spin stiffness, 356, 360. 363 
Spin wave, 43, 4563, 66, 68, 70-72. 74, 75, 77, 
78, 82, 88. 89. 147. 270, 278, 280, 281, 
288. 303, 321, 322. 326, 328. 329. 332- 

335. 337, 338, 341-351, 355, 357-362, 
365, 366. 371. 373. 374. 376. 377, 379. 

390, 409 



Spin wave dispersion, 45, 63, 74, 75, 78, 328, 
329, 334, 338, 342, 347, 358, 359, 360, 
365, 373, 374, 376, 377, 379, 390 
Spin wave stiffness, 66, 77, 147, 288, 329, 337, 
342 

Stiffness constant, 75, 76, 85, 88, 338, 343 
Strong correlation, 284, 417,418 
Strong coupling, 99, 132, 133, 160, 188, 224, 
238,289,435 
Strongly correlated 

electrons, 101, 166, 169,264,411,420 

material systems, 200 

nature, 286 

physics, 134 

polaronic limit, 16 

Superexchange, 43, 45, 74, 133, 142, 143, 240, 
267-269, 274-277, 281, 286, 289, 291, 
371,373,390 

Superechange, 267, 268, 275, 276, 291, 371 
coupling, 43,45,74, 133, 143 
energy, 274, 373 
Hamiltonian, 269 

interaction, 142,240,276,281,390 
model, 277 
process, 289 



Thermal conductivity, 140, 141, 144, 145, 178, 
181 

Thermoelectric power, 136, 140, 142, 145, 151 
t-J model, 276, 282, 286 
Tolerance factor, 4, 10, 11, 12, 33, 38 
Transmission electron microscopy, 24, 25 
Transport properties, 13,44, 135, 151, 156, 167, 
169, 197, 198, 251, 286, 303, 304, 306, 
313,314, 421,427,431 
Tunneling, 281 
spectroscopy, 99 



X 

X-ray, 88 

diffraction, 5, 26, 27, 189 
diffuse scattering, 19 
magnetic Compton profile, 367 
powder diffraction, 7, 175, 178,324 
scattering, 3, 16, 120, 121, 124, 132, 135, 
169, 175, 179, 181, 182, 188, 189, 190, 
198,271,296 
X-ray absorption. 99 
spectroscopy, 240, 405 
spectrum, 108 



Z 

Zeeman splitting. 305 




